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Abstract 

Vast resources of unconventional gas and, potentially natural gas liquids occur in shales in north-eastern 

British Columbia (NEBC) in Devonian mudrocks. The reservoir properties and present-day petroleum 

systems of these Devonian mudrocks in NEBC (Liard Basin, Horn River Basin and Cordova Embayment) 

and Western Alberta have been investigated in this research.  In the study area, perspective gas and oil 

shale reservoirs include the Horn River and Muskwa formations and equivalent horizons within the Besa 

River Formation of the Liard Basin.   

The Muskwa and Horn River formations are largely over mature with respect to the oil window within 

NEBC with maturity decreasing from west to east. Quartz (mainly biogenic in origin) is the dominant 

mineral, particularly within the Muskwa Formation where quartz content has an average of 71 wt%. The 

Horn River Formation contains more carbonate and clay minerals than the Muskwa Formation with an 

average quartz content of only 43 wt%. TOC content ranges from <1 % to 12%, with an average of 2.9%. 

TOC is highest within the Muskwa Formation and Evie Member of the Horn River Formation. Quartz and 

TOC exhibit similar trends on a regional scale with the highest quartz and TOC found within the central 

and northern portions of the Horn River Basin. Porosity values range from 1 to 9% with an average of 5% 

in the Muskwa Formation and 3.5% in the Horn River Formation.  

One dimensional basin models constructed at 24 well locations across the study area demonstrate the 

impact of different geological events on the depth of burial and present day thermal maturity of the 

basin. In all of the models, peak burial (and peak maturity) occurred during foreland subsidence. The 

timing of hydrocarbon generation varies greatly across the study area due to varying amounts of 

subsidence during the Paleozoic, differing heat flow regimes, and the depth of maximum burial during 

foreland subsidence with the onset of generation ranging from the Carboniferous in the Liard Basin to 
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the Late Cretaceous in Western Alberta. The results of the basin models can help identify potential areas 

of condensate production within NEBC. 



 
 

Lay Summary 

Vast resources of unconventional gas and, potentially natural gas liquids occur in shales in the Horn 

River and Liard Basins and Cordova embayment in north-eastern British Columbia (NEBC). The 

exploitation of these resources requires advanced drilling and completions technology, including 

horizontal drilling and multi-stage hydraulic fracturing, paired with sound geological understanding 

including reservoir characterization, producible reserve volumes, distribution and type (oil, condensate 

or gas) of hydrocarbons present, and the geological framework controlling such factors. The purpose of 

the proposed study is to contribute to the prediction of hydrocarbon distribution and producibility, 

particularly natural gas liquids, within the complex Horn River and Liard Basins using integrated 

modeling and petrophysical analyses. This approach will allow for a quantitative understanding of the 

petroleum system including the timing, volume, and type of hydrocarbons generated, timing and 

distribution of migration, and evaluation of retained hydrocarbons. 
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Chapter 1: Introduction 

1.1 Introduction 
 

A multi-faceted study using petroleum systems analyses ground-truthed with petrophysical and 

geochemical analyses of core and cuttings was undertaken to contribute to the prediction of 

hydrocarbon distribution, reservoir quality, and producibility of Devonian shales in the Horn River and 

Liard Basins, Cordova Embayment, and adjacent western Alberta (Figures 2.2 and 2.3). Examination of 

reservoir properties and maturity modeling allowed for the determination of types and volumes of 

generated and retained hydrocarbons throughout the basin(s) evolution and the geological factors 

controlling the present day distribution of hydrocarbons.  

Northeastern British Columbia (NEBC), southern Yukon and Northwest Territories, and adjacent western 

Alberta contain immense volumes of hydrocarbons which are held within multiple stratigraphic 

intervals. Initial development in the area occurred as a result of conventional exploration and 

production from (mainly) Devonian carbonate formations starting in ǘƘŜ мфрлΩǎ όJanicki, 2008). With the 

advent of horizontal drilling and multi-stage fracturing the focus is now the immense potential of 

unconventional reservoirs, specifically the Besa River, Muskwa and Horn River Formations. The 

estimates of marketable gas reserves are significant, with volumes in the Liard Basin greater than 200 

trillion cubic feet (TCF) (5.7x1012 m3),  78 TCF (2.2x1012 m3) in the Horn River Basin and 8.8 TCF (2.5x1011 

m3) in the Cordova Embayment, as well as potential for significant liquid reserves (National Energy 

Board, 2011; Ferri and Griffiths, 2014; British Columbia Ministry of Natural Gas Development, 2015; 

National Energy Board, 2016).  The majority of the gas reserves are hosted within Devonian strata. The 

Devonian stratigraphy of these basins is comprised of thick accumulations of organic-rich, highly 

prospective fine-grained formations including the Muskwa, Besa River, and Horn River (Evie and Otter 

Park Members) formations that occur over a large areal extent.  
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Over the last decade, many studies have focused on the unconventional intervals within NEBC (Ross and 

Bustin, 2008, 2009; Chalmers et al., 2012; Ferri et al., 2011, 2013, 2014, 2015; Fiess et al., 2013; Harris 

and Dong, 2013; Balogun, 2014; Ferri and Griffiths, 2014). These studies have concentrated on source 

rock analysis, sedimentology, and shale rock properties, thereby, enhancing the understanding of 

prospective intervals. This research builds upon this previous work, and provides regional insight as to 

the evolution of these important basins and assesses some key reservoir properties associated with 

successful production from unconventional plays.  

1.2 Thesis Objectives and Thesis Structure 
 

The two main objectives of this thesis are to extend and enhance reservoir characterization in a regional 

and thermal maturity context, and create basin models to determine hydrocarbon evolution and 

present day distribution.  These two objectives are addressed in two standalone but interrelated papers. 

The first paper (Chapter 2) focuses on core based petrophysical analysis of the Muswka and Horn River 

formations and the second chapter (Chapter 3) deals with petroleum systems analysis and basin 

modeling. 

In chapter two, petrophysical analyses along key cross sections are interpreted to enhance the 

understanding of reservoir properties. Through a number of different analyses thermal maturity, 

mineralogy, porosity, pore size distribution, and pore structure are evaluated. The relationship of 

various reservoir properties and the geological controls influencing reservoir variability is discussed. The 

data acquired for this study is integrated with publicly available data. 

In chapter three, petroleum systems modeling is used to evaluate the burial and thermal history of the 

study area and the present-day Devonian petroleum systems. The one-dimensional models are 

calibrated with measured thermal maturity data to provide quantitative information on the burial and 

thermal history of the basin. The models address the timing and magnitude of hydrocarbon generation 
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which is then related back to subsequent migration and present-day distribution and producibility of 

hydrocarbons.  
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Chapter 2: Petrophysical Analysis of the Muskwa and Horn River 

Formations: Horn River Basin, Cordova Embayment, and Western 

Alberta* 
 

2.1 Introduction 
The exploration of unconventional resources is an important component of industry activity in North 

America, including the Western Canada Sedimentary Basin (WCSB) where organic rich mudrocks are 

prevalent. In northeastern British Columbia (NEBC), the Devonian stratigraphy is dominated by 

important organic rich fine-grained rocks of the Muskwa and Horn River Formations. These formations 

cover a large expanse of the subsurface within the Horn River Basin and Cordova Embayment, and host 

significant volumes of gas. Despite the proven gas reserves (National Energy Board, 2011; Ferri and 

Griffiths, 2014; British Columbia Ministry of Natural Gas Development, 2015; National Energy Board, 

2016), exploitation and production of these reservoirs has not reached the prolific levels of other 

noteworthy shale plays, such as the Eagle Ford or Marcellus, due to market access. 

Numerous previous studies have investigated various aspects of the Devonian stratigraphy within NEBC 

(Stasiuk and Fowler, 2004; Ross, 2007; Ross and Bustin, 2008, 2009; Ferri et al., 2011, 2013, 2014, 2015; 

Chalmers et al., 2012; Harris and Dong, 2013; Balogun, 2014; Dong et al., 2014; Ferri and Griffiths, 2014; 

Dong, 2016). These studies have focused on the shale composition, porosity and permeability, 

geochemistry, thermal maturity, and overall resource potential of the Devonian strata. This research 

builds upon previous studies and uses a multi-disciplinary approach to further investigate the 

prospective intervals and their associated complexities through detailed core-based analyses. 

Utilizing data collected for this study along with publicly available data allowed for evaluation of 

reservoir properties in the Muskwa and Horn River Formations, including thermal maturity, organic 

*A portion of this chapter has been published. Wilson, T.K. and Bustin, R.M. (2018): Regional Variability of Reservoir 
Properties of the Devonian Shales of Northeastern British Columbia; in Geoscience BC Summary of Activities 2017, 
Geoscience BC, Report 2018-1, p. 51-64. 
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potential, shale composition, and porosity and pore size distributions. These reservoir properties have 

been investigated based on spatial and stratigraphic variations within a geological and basin evolution 

framework.  

2.2 Regional Geological Background 

2.2.1 Overview and Study Area 
During the Devonian and Mississippian periods, NEBC was situated along the edge of proto North 

America (Figure 2.1). As in other parts of the Western Canada Sedimentary Basin (WCSB), the 

stratigraphy during this time is dominated by shale and carbonate packages which are related to major 

transgressive and regressive cycles. The basinal setting of the study area resulted in deposition of thick 

packages of fine-grained sediments, whereas to the east stratigraphically equivalent carbonate units 

were deposited in shallower water. Extensional block faulting synchronous with the Antler Orogeny 

influenced Paleozoic deposition by creating salient features such as the Liard Basin and Fort St. John 

graben (Wright et al., 1994). Evolution of the region has been affected more recently by the formation 

and development of the Cordilleran Foreland Fold and Thrust Belt. 

This study focuses on the British Columbia portion of the Horn River Basin and Cordova Embayment 

(Figure 2.2), an area that encompass over 1.5 million hectares (National Energy Board, 2011). The 

boundaries of the Horn River Basin are the Bovie Fault complex on the west, ǘƘŜ tǊŜǎǉǳΩƛƭŜ .ŀǊǊƛŜǊ wŜŜŦ 

on the south and east and the British Columbia/Northwest Territories border to the north. The 

tǊŜǎǉǳΩƛƭŜ .ŀǊǊƛŜǊ wŜŜŦ surrounds and thus bounds the Cordova embayment to the west, south and east. 

There is an overall shallowing of the study area and general thinning of Devonian shale units from the 

southwest to northeast.  

2.2.2 Stratigraphy   
The Devonian stratigraphy of the Horn River Basin is characterized by a number of mudrock and 

carbonate formations. The basal mudstone unit is the Middle Devonian Horn River Formation (HRF). The 
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Horn River Formation is underlain by the Lower Keg River Formation. To the east of the Horn River 

Basin, the Lower Keg River is overlain by the platform carbonates of the Upper Keg River Formation. The 

Upper Keg River Formation now forms part of the PresquΩile Barrier Reef Complex. Synchronous to the 

Upper Keg River Formation, the transgressive shales of the Horn River Formation were being deposited 

within the Horn River Basin. The Horn River Formation consists of the lower organic-rich Evie Member 

and upper organic-lean Otter Park Member. In some publications the Muskwa is considered the third 

member of the HRF (Gray and Kassube, 1963; Williams,1983; Ferri et al, 2013; Ferri and Griffiths, 2014), 

but for the purposes herein will be considered as the overlying formation (Ferri et al, 2011; Harris and 

Dong, 2013; Ferri and Griffiths, 2014). Overlying the Muskwa is the organic-lean Fort Simpson Formation 

and in turn the Fort Simpson Formation is overlain by several carbonate successions (Kaskiska, Trout 

River, Tetcho, and Ketcho Formations). The Exshaw Formation lies above these carbonate units (Figure 

2.3).  

In the Cordova Embayment; the Evie shale, where present, lies above the Keg River Formation and is 

overlain by the Klua shale. The Evie and Otter Park are separated by carbonates of the Slave Point and 

Watt Mountain Formations. The Evie and Otter Park pinch out along the barrier edge, however, the 

Muskwa Formations extends over the barrier (BC Ministry of Natural Gas Development, 2015). The Fort 

Simpson and Exshaw Formations are observed throughout the Cordova Embayment. For a summary of 

Paleozoic stratigraphy of NEBC see Figure 2.3.  

2.2.3 Depositional Environments and Lithology  
The Devonian shale sequence was deposited in deepwater embayments (Horn River Basin and Cordova 

Embayment). The shale sequence (Horn River Formation to the Muskwa Formation) represents two 

second-order sea level cycles with the Muskwa Formation and Evie member representing the 

transgressive systems tract for each cycle (Potma et al., 2012). The Muskwa Formation, is a product of a 

basin-wide transgression, that inundated the WCSB and led to extensive deep-water sedimentation 
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throughout NEBC and western Alberta. (Switzer et al., 1994). Based on a geochemical study by Fowler et 

al. (2001), interpret the organic rich Devonian-Mississippian mudrock intervals represent deep basinal 

deposition with regional upwelling and connectivity to the open ocean. Further, the environment was 

likely of anaerobic to dysaerobic conditions based on geochemical markers, such as the C-S-Fe and 

Re/Mo relationships, and the lack of any substantial bioturbation (Ross and Bustin, 2009; Bunnell and 

Hillier, 2014).  

The main lithofacies in the Muskwa and Horn River formations are summarised in Figure 2.4. The 

Muskwa Formation is dominated by black siliceous mudstones which are either massive or exhibit 

continuous to discontinuous pyritic laminae (Dong et al., 2015). The siliceous content of the formation is 

mainly biogenic in origin from the deepwater accumulation of radiolarians (Ross and Bustin, 2009), the 

presence of which has been shown to have a positive correlation with brittleness (Dong, 2016). This 

relationship is apparent in the Muskwa Formation, a notably brittle unit. Minor lithofacies of the 

Muskwa Formation, include grey silty mudstones and rare carbonate rich mudstones. Sedimentary 

structures, which include starved ripples and carbonate-rich laminae, are rare throughout the Muskwa 

Formation (Dong et al., 2015). The Muskwa Formation is generally organic-rich with total organic carbon 

(TOC) content ranging from <1 to 7.5 wt%.  

The Horn River Formation has a greater variety in lithofacies than the overlying Muskwa Formation, 

containing more diverse sedimentary structures, biogenic activity, and carbonate influence. The Evie 

Member is dominated by black siliceous mudstone, but also has a lower carbonate unit which ranges 

from a carbonate mudstone to a carbonate grainstone (Dong et al., 2015). The Evie member is organic 

rich with a TOC range from <1 to 4 wt%. Allochems include fragmented crinoids, brachiopods, corals, 

and bivalves. The Otter Park Member is organic lean (1 to 2 wt% TOC) and dominated by a laminated 

grey mudstone. This unit exhibits significantly more bioturbation and sedimentary structure (current 

ripples, soft-sediment deformation, low angle parallel laminae) than the overlying Muskwa and 
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underlying Evie, indicating shallower water conditions with moderate oxygen levels (Dong et al., 2015; 

Dong, 2016). Evie trace fossils are low diversity assemblages and diminutive traces (mainly Planolites 

and Thalassinoides), indicating a less oxygen-rich and low nutrient environment (Dong, 2016). This 

entire interval of Devonian shales (Muskwa and Horn River Formations) become increasingly 

argillaceous from east to west (Ross and Bustin, 2008).  

2.3 Materials, Methodology, and Limitations  
Core and cuttings samples were collected along two southwest to northeast transects. The location of 

the wells was selected to capture the variation in depth of burial and thermal history across the basins, 

and therefore the associated variability in reservoir quality. 

2.3.1 Core and Cuttings Samples  
Core and cuttings samples from the Muskwa Formation and Otter Park and Evie Members of the Horn 

River Formation were collected and analyzed from 18 wells (Figure 2.5). Where possible, these samples 

were collected at consistent intervals while still making an effort to sample all major lithofacies present 

in the core. The cuttings were collected at 30 to 50m intervals along the entire length of each well. All of 

the core samples were analyzed using helium pycnometry for density, mercury intrusion porosimetry 

(MIP) for pore size distribution, and X-ray diffraction (XRD) with Rietveld analyses for mineralogy. Upon 

completion of these initial analyses, a subset of samples was chosen for more detailed investigation 

including CO2 and N2 gas adsorption, and field emission scanning electron microscopy (FE-SEM). The 

cuttings samples along with Muskwa Formation core samples were analyzed for total organic content 

(TOC) and thermal maturity (Tmax).  

2.3.2 Organic Geochemistry 

Total organic carbon (TOC) contents and Tmax values from pyrolysis were determined using a HAWK® 

Pyrolysis analyzer for all of the ŎǳǘǘƛƴƎΩǎ samples and 27 of the Muskwa core samples. All samples were 
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crushed to powder (<60 mesh size) and approximately 100 mg of sample was analyzed. Samples were 

analyzed to complement regional data in public the domain and data in the UBC database.  

2.3.3 Mineralogy 
Sample preparation for quantitative mineralogy determination followed the modified smear mount 

method for X-Ray diffraction analysis (Munson, 2015). Data was collected using normal-focus CoKh  

radiation on a Bruker® D8 Focus diffractometer with diffraction patterns obtained over the range of 3-

70ϲ нʻ ŀǘ ŀ ǎǘŜǇ size of 0.03° and 0.8 seconds. Diffraction patterns were quantified using full-pattern 

fitting Rietveld method on Bruker® AXS Topas software.  

2.3.4 Porosity Helium Pycnometry and Hg Immersion 
Unstressed porosity was determined by difference between skeletal density and bulk density. Skeletal 

density was determined using a helium pycnometer. Samples were crushed to 20-35 mesh size and 

analyzed as received. Each sample was allowed to equilibrate for 300 seconds three different times to 

ensure an accurate determination of skeletal density and porosity. Bulk density values was determined 

from Archimedes principal using mercury immersion.   

2.3.5 Mercury Intrusion Porosimetry 
MIP was performed on a Micromeritics® Autopore IV which has an upper injection pressure limit of 60 

000 psi (414 MPa) and a corresponding lower limit of 3 nm for pore throat diameter. Both intrusion and 

extrusion were performed for all samples. Samples were crushed to between 4 to 8 mesh (4750 µm to 

2000 µm), and then cleaned using the Dean Stark method for 24 hours and dried before analyzing. The 

mesh size was chosen in order to allow for intrusion into these low permeability mudrocks while trying 

to minimize closure and compression effects. All raw data was corrected following the approach 

outlined by Munson (2015).  

2.3.6 Low Pressure Gas Adsorption  
Low pressure gas adsorption (LPGS) utilized both N2 (77 K) and CO2 (273 K) was performed on a 

Quantachrome® Autosorb-1. Adsorption and desorption isotherms with 79 pressure steps over a range 
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of P/Po of 0.01 to 0.99. Surface area and pore size distribution results collected from the analysis were 

calculated using the Brunauer-Emmett-Teller (BET) Method (N2) and the BET Method and Dubinin and 

Radushkevich (D-R) equation (CO2) and the Barret-Joyner-Halenda (BJH) method and density functional 

theory (DFT) method. The carbon slit DFT model was used for both CO2 and N2.  

2.3.7 FIB/FE-SEM 
Samples analyzed with LPGS were also imaged using a Helios NanoLabϰ 650 Focused Ion Beam Scanning 

Electron Microscope. This SEM provided 3nm resolution and a field of view of 30µm x 30µm.    

2.4 Results 

2.4.1 Maturity  

2.4.1.1 Analytical Limitations 

Results of the pyrolysis analyses for core and cuttings samples are provided in Table 2.1. Many of the 

Tmax values are anonymously low (<400°C) due to a broad or indistinct S2 peak from which the Tmax 

value is based off. Figure 2.6 shows a variety of pyrograms and their associated Tmax reliability. In high 

maturity samples, nearly all of the kerogen has already been converted into hydrocarbons; therefore, 

there is a lack of material available to be pyrolysized during any individual analysis. This leads to an 

almost indistinguishable peak (Figure 2.6b and c), and anomalously low  values despite these samples 

being well within the dry gas window.  

Vitrinite reflectance is also an important maturity parameter but is less prevalent in the public database. 

Unfortunately, there is also a degree of uncertainty when using vitrinite measurements. The Devonian 

shales were deposited in marine environments and the age of the ŦƻǊƳŀǘƛƻƴΩǎ pre-date significant land 

plants from which vitrinite forms. As a result, pyrobitumen ς the thermally evolved and insoluble 

portion of bitumen ς is often measured and correlated to a vitrinite reflectance value which brings a 

level of uncertainty to these reported values (Table 2.2). Several bitumen to vitrinite correlations have 

been developed (Jacobs, 1989; Landis and Castaño, 1995; Schoenherr, 2007). However, it has been 

noted that such correlations are limited to certain maturity windows and that the lithology of the 



11 
 

formation of interest plays an important role in the relationship (Bertrand, 1993). Regardless of the 

correlation used, there remains uncertainty associated with pyrobitumen and derived vitrinite 

reflectance values.   

2.4.1.2 Pyrolysis Results 

Devonian shales in NEBC are generally overmature. Trends in Tmax versus depth are rarely informative 

since the S2 peaks are low and indistinct for nearly all Devonian samples within NEBC, leading to 

anomalous Tmax values (Figure 2.7).  Pyrolysis results for the Alberta samples are more reliable due to 

their lower maturity and hence more distinct S2 peaks. Maturity within western Alberta ranges from 

immature to the upper oil window (Tmax values of 426 to 471 °C).  In Alberta, a general increase in Tmax 

versus present-day measured depth occurs in all of the studied wells (Figure 2.7b).   

The overmature nature of the BC samples also limits the use of pseudo-Van Krevelen graphs. A pseudo-

Van Krevelen graph is a cross-plot of the amount of hydrogen in the sample (hydrogen index or HI) and 

the amount of oxygen in the sample (oxygen index or OI) as a method to determine kerogen type. 

However, as maturity increases the amount of hydrogen and oxygen in the sample relative to carbon 

decreases, and both HI and OI trend towards the origin as exhibited by Figure 2.8. This makes it 

impossible to distinguish terrestrial and marine kerogen to determine organic matter type. Isotopic 

studies of produced hydrocarbons in BC and pyrolysis results of lower maturity Alberta samples (Figure 

2.8b), suggest the kerogen is of marine origin (Type II), with isotopic signatures indicative of high 

thermal maturity and cracking of wet gas (Norville, 2014). The results from the isotopic signatures uses 

the assumption that the produced hydrocarbons are sourced from the kerogen in the formations. 

Vitrinite/bitumen reflectance results also point to the high maturity nature of the formations with Ro% 

generally being higher than 2. 
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2.4.2 Total Organic Carbon  

2.4.2.1 TOC Results 

The Oil and Gas Commission public database was used along with additional data acquired for this study 

to analyze TOC trends. Kerogen type for the Devonian shales is inferred to be type II, based on pseudo-

van Krevelen plots for the lower maturity Alberta samples. The organic content of the Devonian shales 

in NEBC is generally greater than 1% in weight, in the HRB and Cordova Embayment. Combining all 

available data for the Muskwa and Horn River formations, TOC averages around 3% in weight, with the 

Muskwa Formation and Evie Member generally exhibiting higher values than the Otter Park Member 

(Figure 2.9). Due to potential caving and mixing from organic lean units within cuttings samples, the 

average values for cuttings is generally lower than core samples. The cuttings have an average TOC of 

2.07 wt% and the core samples have an average TOC of 2.88 wt% for the Muskwa Formation.  

2.4.2.1 Petrophysical Analysis ς Log TOC 

In the study area, spatial distribution of TOC data is limited and thus well logs calibrated with TOC 

measured on samples were utilised. There are many methods that have been developed to calculate 

TOC from calibrated logs, all of which have limitations (Schmoker, 1980; Passey et al., 1990; Passey et 

al., 2010; Sondergeld et al., 2010; Ariketi, 2011; Herron et al., 2011).  In this study the modified ɲlogR 

method developed by Passey et al. (1990) and Sondergeld et al. (2010) has been used to calculate log 

derived TOC (equations 2 and 3). The ɲlogR method has been well-calibrated for levels of organic 

metamorphism (LOM)1 (Hood et al., 1975) from 6 to 11, but underestimates TOC in high maturity 

formations due to an increased response from the resistivity log due to kerogen maturation (Passey et 

al., 1990; Sondergeld et al., 2010). Therefore, the modified method with the additional multiplication 

term, C, is necessary to increase the log TOC values and allow for more accurate calibration with 

laboratory values.  

1The Level of Organic Metamorphism (LOM) is a thermal maturity parameter used in the calculation of log TOC. It is directly 

related to vitrinite reflectance values, with a %Ro between 2 and 2.5 generally corresponding to a LOM of 14-16.  
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ælogR=log
10

R

Ro
-1.4ɟ-ɟ

o
                                  (2)    

 

TOC=ælogR*10
2.297-0.1688LOM

*C                      (3)   

 
Where: 
R = Resistivity log values 
ɟ = Bulk density log values 
Ro = Resistivity log baseline value    
ɟo = Bulk density log baseline value 
1.4 = Scale ratio factor  
LOM = Level of Organic Maturity 
C = High maturity modification factor 

 

For this study a LOM value of 14 to 16 was used along with a C of 4 to 5 in order to achieve a better fit 

with measured TOC. Figure 2.10 shows measured TOC plotted alongside calculated log TOC for a well in 

the central portion of the HRB. A cross plot comparing laboratory core TOC and log TOC (Figure 2.11) 

demonstrates the relationship between the two methods with an R2 = 0.22. There is significant scatter, 

largely due to the difference in resolution between laboratory methods (<1 centimeter) and well logs 

(approximately 15 centimeters) and possible depth discrepancies that may exist between core and logs. 

Despite the scatter, 55% of the data points fall within the range of ±1% TOC. The method works best for 

moderate TOC values, and breaks down as laboratory TOC values trend to 0 or above 4 wt%. Laboratory 

TOC is generally higher with an average of 3.1 wt% compared to 2.8 wt% for log TOC.  

2.4.3 Mineralogy 

2.4.3.1 XRD Results  

The Muskwa and Horn River Formations mineralogy is comprised of quartz, feldspars, clay, and 

carbonates with minor amounts of pyrite. The ternary graph in figure 2.12, shows the mineralogical 

differences between the three units. 

Quartz content dominates the mineralogy in the Muskwa Formation, with an average of 66 wt%. Many 

Muskwa samples have above 90 wt% quartz. The quartz content within the Muskwa Formation is largely 

biogenic in origin (Ross and Bustin, 2009).  Feldspar, mainly albite, comprises approximately 6 wt% of 
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the Muskwa. The carbonate (calcite and dolomite, with minor iron rich dolomite/ankerite) and clay 

(illite/muscovite and chlorite groups) components have an average of 8 wt% and 19 wt%, respectively.  

In comparison to the Muskwa Formation, the Horn River Formation contains less quartz and feldspar 

and more carbonate. In the Evie Member, the carbonate component (calcite, dolomite, ankerite) has a 

range of 18 to 97 wt% and an average of 52 wt%. Total quartz and feldspar averages 41 wt%, and clay 

content (illite/muscovite) is minor with an average of 5.7 wt%. The Otter Park Member is the most clay 

rich with an average of 18 wt% clay, and 46 and 34 wt% for quartz/feldspar and carbonates, 

respectively.  

2.4.4 Porosity, Pore Size Distribution and Pore Structure 

2.4.4.1 Porosity Results 

Unstressed porosity was measured on all of the core samples through helium pycnometry for skeletal 

density combined with bulk density from mercury intrusion. The core samples were cleaned by dean 

stark and then dried prior to any porosity analyses. Porosity values were also determined by MIP, 

however, the high pressures reached during the analysis causes compression of the pore space to occur 

which likely led to an underestimation of porosity. The pycnometry values, however, are unconfined and 

have likely overestimated porosity. Figure 2.13 compares total porosity by MICP and pycnometry. 

Helium porosity for the Muskwa Formation and Horn River Formation ranges from 1.2 to 9.1% with an 

average of 4.4%. The Muskwa Formation and Evie Member generally have higher porosity than the 

Otter Park member (Figure 2.14).  

2.4.4.2 Pore Size Distribution Results 

Both MIP and LPGS (N2 and CO2) were utilized to determine the pore size distribution of the core 

samples. MIP was completed on all samples, and a representative subset of samples was chosen for 

further characterization using LPGS. The methods used characterize different pore size ranges, and 

together have the potential to characterize the entire pore size distribution (macropores to micropores) 

of the tested samples. The scale used for pore sizes is exhibited in Figure 2.15. The lower limit of 
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intrusion for MIP is 3.6nm and is, therefore, better suited to characterize pores within the meso- to 

macropore range. Nitrogen LPGS is best suited for mesopores (2 to 50 nm) and CO2 LPGS can investigate 

pore sizes down to 0.3 nm (Kuila and Prasad, 2013).   

In order for MIP results to have utility for pore size characterisation a series of correction factors must 

be applied to account for low pressure intra-particle filling and high-pressure compression of the 

sample. Such correction parameters were applied to all samples following the procedure outlined by 

Munson (2015). The resulting corrected pore size (throat) distribution curves are presented in Figure 

2.16. MIP measured pore throat size are not necessarily the mean size of the pore itself which is what is 

calculated from LPGS.  

All of the Muskwa samples exhibit similar distribution trends, with significant intrusion not occurring 

until pressures equivalent to a pore throat size of 10nm. More variation exists within the Evie and Otter 

Park Members. Figure 2.16 is coloured based on the helium porosity of the sample and larger pore sizes 

do not correlate with higher porosity values for any of the units. Based on the MIP pore throat 

distributions significant volume of pores exists below the threshold of this analysis.  

Nitrogen and carbon dioxide LPGS were performed on 9 Muskwa samples and 4 Evie samples. A 

summary of the results based on the Dubinin and Radushkevich (DR), density functional theory, and 

Brunauer-Emmett-Teller (BET) models are outlined in Table 2.3. All of the N2 isotherms exhibit hysteric 

isotherms, that lack a high-pressure plateau (Figure 2.17). This shape of isotherm is categorized as Type 

IIB (Rouquerol et al., 1998) and indicates the presence of mesopores (hysteresis) and macropores (lack 

of plateau). All of the samples exhibit micropore filling at low P/Po and complete closure of the 

hysteresis loop at P/Po ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ лΦпр όǘŜǊƳŜŘ ǘƘŜ Ψ¢ŜƴǎƛƭŜ {ǘǊŜƴƎǘƘ 9ŦŦŜŎǘΩύ ƛƴŘƛŎǘƛƴƎ ǘƘŜ 

presence of pores of diameter <4nm (Groen et al., 2003). The volume of adsorbed nitrogen varies 

between samples, with larger volumes of adsorption experienced by samples exhibiting relatively high 
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TOC contents. CO2 isotherms do not exhibit completed closure, which may be due to the presence of 

pores with diameters equivalent to that of the adsorbate (Figure 2.18). 

Based on the results from MIP and N2 and CO2 LPGS the Devonian shale samples analyzed contain a wide 

range of pore sizes (Figure 2.19). The average pore width based on N2 LPGS amongst the Muskwa 

samples is 3.8nm. Pore volumes and surface area, based on the BET method, increase with porosity 

(Figure 2.20). Pore volumes (and pore surface areas) also increase with increasing TOC and increasing 

quartz and clay content (decreasing carbonate content). Figure 2.21 demonstrates these relationships, 

with TOC showing the strongest correlation. Carbonate mudstones are an organic lean facies and exhibit 

significantly lower pore volumes than the siliceous black mudstone facies. The sample with the lowest 

pore volume is a carbonate mudstone with a TOC of only 0.78 % and a quartz content of 7 %, whereas 

the sample with the highest pore volume has a TOC of 3.5 % and a quartz content of 74 %. MIP and LPGS 

allow for a quantitative understanding of the pore size distribution of Devonian shale samples, but fail to 

directly image the pores themselves.  

2.4.4.3 Pore Structure Results  

In addition to a quantitative understanding of pore size distribution, there is also a need to understand 

the pore structure and where pores are commonly located within in the rock framework. FE-SEM was 

used to elucidate pore structure through high resolution imaging of representative samples. 

Figure 2.22 shows low and high-resolution FE-SEM images from samples from three different locations 

within the study area. These samples represent end member samples for porosity, mineralogy, organic 

content and pore size distribution (PSD). The C-054-G M2 sample has a porosity of 8.6%, which is at the 

higher end of porosity for the Muskwa Formation, and relatively high TOC of 3.54 wt%. Based on the 

SEM images, much of this porosity is associated with the mature organic matter which appears as darker 

areas on the back scattered electron SEM images due to the low density of kerogen. The organic matter 

hosted porosity exhibits a range of sizes from approximately a couple of nanometers to >1 µm (micro- to 
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macroporosity). Porosity also is intra- and interparticle pore spaces around the quartz framework or 

within feldspar grains as microfractures, between clay plates, and within pyrite framboids. The FE-SEM 

images show that a few large macropores are present in these samples and likely contribute to a large 

percentage of the pore space, despite smaller pores occurring more frequently. 

2.5 Discussion 

2.5.1 Maturity Trends 
Pyrolysis results from the two SW-NE transects demonstrate that over maturity of Devonian shales 

persists throughout the 094-J, 094-O, and 094-P blocks of NEBC. Vitrinite/bitumen reflectance 

measurements in NEBC range from 1.75 to 3.2 %Ro.  The SW-NE increase in maturity extends into NEBC 

with the lowest reflectance values of below 2%Ro, occurring in the eastern portions of blocks 094-I and 

094-P (Figure 2.23). Maturity generally increases towards the north and northwest across the Cordova 

9ƳōŀȅƳŜƴǘΣ tǊŜǎǉǳΩƛƭŜ ōŀǊǊƛŜǊ ŀƴŘ Iw.Σ ǿƛǘƘ ǘƘŜ ƘƛƎƘŜǎǘ ƳŀǘǳǊƛǘƛŜǎ ƻŎŎǳǊǊƛƴƎ ƛƴ ǘƘŜ ƴƻǊǘƘǿŜǎǘ ŎƻǊƴŜǊ ƻŦ 

the HRB. Due to the pitfalls of Tmax values at high maturities, a map of HI (Figure 2.24) was constructed 

as a proxy relative maturity indicator along with the VR maturity map. HI does not directly assess the 

maturity, however, using the assumption that the kerogen type is consistent the value of HI can be used 

as a proxy for maturity with values decreasing as maturity increases. HI within the study area is low, with 

an average of 23 mg/g, and rarely exceeds 100 mg/g. The map demonstrates the increase in maturity 

towards the north and west, with much of the HRB exhibiting values below 10 mg/g. HI values increase 

towards the south and east of the HRB and in the Cordova Embayment. On the western side of the Bovie 

Fault, although Devonian strata are approximately 1500 m deeper, %Ro and HI values are similar to 

those in the HRB (2.6 to 3.1 %Ro and 2 to 16 mg/g HI) to the east. Both to the east and west of the Bovie 

Fault, there is a northward trend of increasing maturity. The few reliable data points suggest that the 

maximum thermal exposure (and hence peak maturity) of the Devonian strata across NEBC predates the 

1500 m of displacement along the Bovie fault that occurred during the Late Cretaceous and Tertiary 

(Maclean and Morrow, 2004). Both HI and reflectance based maturity maps demonstrate the 
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dominantly dry gas nature of the HRB and Liard Basin with %Ro and HI values generally >2 % and <50 

mg/g, respectively.  

2.5.2 Condensate Potential  
The potential for the occurrence of producible liquid hydrocarbons in unconventional reservoirs is 

dependent on the complex interplay of the maturation, migration pathways, kerogen type and 

abundance, and retention of hydrocarbons during generation and production.  

Production data from the Jean Marie Formation and Muskwa Formation has been analyzed in order to 

understand the location and volumes of produced condensate. The Jean Marie Formation is likely 

sourced from the underlying Muskwa Formation (Ferri and Griffiths, 2014), thus, production data from 

the Jean Marie Formation can provide additional insight into the condensate/liquids potential and 

distribution of the Muskwa Formation. The bubble map of produced condensate for the two formations 

from the initial month of production (IP30) shows higher levels of condensate within the 094-I block of 

NEBC (Figure 2.25). The higher condensate production correlates with lower levels of maturity 

determined by vitrinite reflectance. Minor volumes of condensate have been produced from the Jean 

Marie Formation and Muskwa Formation within the eastern and central HRB. Gas wetness ratios can be 

calculated to further constrain condensate potential. In this study gas wetness is calculated according to 

Unrau and Nagel (2012) as: 

Wetness Ratio=
C2+C3+C4+C5

C1+C2+C3+C4+C5
 x 100      where<0.5 indicates light, dry gas           (1) 

In the HRB, all values for the wetness ratio fall below 0.4 (average = 0.12) indicating dry gas; and 

wetness shows a general decrease towards the west as anticipated (Figure 2.26).   

In general, condensate production corresponds to observed maturity trends; with the largest volumes of 

condensate being produced from the area to the southeast of the HRB. The single well producing 

condensate directly from the Muskwa Formation within the 094-I block is at a depth of 1850m with a 
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reservoir temperature of approximately 80 °C. Similar current reservoir temperatures and burial 

histories occur throughout the southeast corner of the study area; therefore, further potential for 

condensate production from the Muskwa Formation within this area is likely. Minor condensate is 

present in the Jean Marie and Muskwa formations deeper into the HRB, pointing towards possible 

hydrocarbon migration from the south as maturity values within the central part of the HRB are within 

the dry gas window and therefore, it is unlikely that any condensate would be present in-situ. 

Alternatively, however, this could be an area with a slightly different thermal history than surrounding 

areas which may have allowed a small amount of condensate to be present.   

2.5.3 Trends in Organic Content 

2.5.3.1 Regional TOC Trends  

The regional maps of TOC for the Muskwa and Horn River Formations (Otter Park and Evie Members) 

show a similar trend of higher levels of organic richness within the central HRB, and further to the north 

and west (Figure 2.27). This trend is most obvious within the Muskwa Formation. TOC content declines 

to near zero along the reef complex and increases significantly to the east and west of the platform 

within the Cordova Embayment and HRB.  

¢ƘŜ tǊŜǎǉǳΩƛƭŜ barrier reef persisted throughout the deposition of the Muskwa and Horn River 

Formations, creating a restricted basin environment within the two depocentres (Dong, 2016). The 

shallow water environments near or along the carbonate trends caused the shales to thin (Muskwa) and 

pinch out (Horn River) and would not have been a conducive environment for the production, 

accumulation or preservation of organic matter. However, reducing conditions would have formed 

further basinward. Coupled with low levels of detrital influx, this environment would have been 

favorable for organic accumulation (Dong, 2016), which is supported by the increase in TOC. Eustatic sea 

level changes also played an important role in the distribution of organic content. The distal portions of 

the basin were within a deep-water anoxic environment for the entirety of this depositional period. A 
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rise in sea level, such as the one interpreted to have occurred during the Muskwa Formation and Evie 

Member deposition (Potma et al., 2012), would have expanded anoxia and further restricted high 

influxes of detrital matter to the basin edge (Dong, 2016). Dong (2016) interpreted the Muskwa 

Formation and Evie Member to correspond to a 3rd order transgressive systems tract, and the Otter Park 

Member, to a 2nd order low stand. The transgressive nature of the Muskwa and Evie units allowed for 

increased productivity and preservation of organic matter, and thus the elevated TOC content observed 

within the basin today. 

The delineation of highly organic rich zones required an understanding of the interplay between 

proximity to the surrounding platform and eustatic sea level changes. The ongoing mapping of separate 

zones within these main shale units will provide further information on smaller scale basin influences 

and localized variability. 

2.5.3.2 Localized TOC Trends  

The main area of recent petroleum exploration and hence highest density of stratigraphic control 

(referred to as Pool A herein) for the HRB is within the 094-O NTS block (British Columbia Oil and Gas 

Commission, 2014). The Muskwa Formation has been investigated in further detail (stratigraphically and 

spatially) within this area of development to elucidate smaller scale trends in TOC.  

Prior, detailed geochemical studies have demonstrated that onset of Muskwa Formation deposition was 

in response to a transgression (Dong et al., 2013). Sea level continued to rise throughout much of the 

deposition of the Muskwa Formation, leading to an environment of increased productivity and 

preservation of organic matter as sediments continued to be deposited during this time. Further 

detailed work of the Muskwa Formation has shown that the transgressive systems tract is followed by a 

highstand systems tract (Ayranci et al., 2018a). Both of these systems tracts are related to low-energy 

and oxygen-depleted conditions, with redox conditions likely persisting throughout the highstand 

system based on geochemical signatures (Ayranci et al., 2018a). The eustatic sea level rise along with a 
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persistent reducing environment allowed for continued accumulation and preservation of organic 

matter throughout the deposition of the Muskwa Formation. There are also more minor cyclic 

fluctuations within zones, likely exhibiting 4th order sequences which are a part of the overall 

transgressive system of the Muskwa Formation.  

The Muskwa Formation interval within Pool A has been divided into five mappable zones based on 

gamma ray log responses (Figure 2.28). This zonation generally corresponds to slight changes in organic 

content, based on the calibrated log TOC (Figure 2.28). The log responses exhibit cyclic and consistent 

trends with the main area of production. The log response of particular interest is the gamma ray log, 

which is responding to the radioactive elements in the formation. Uranium tends to be sequestered in 

organic-rich marine shales, which results in higher gamma ray responses in more organic-rich zones. The 

resistivity and density logs also exhibit trends in the Muskwa, largely due to the presence of organic 

matter. The resistivity is responding to the hydrocarbons in the rock, with higher resistivity in more 

organic-prone zones; and the density is responding to the lower density of organic-matter relative to 

quartz and carbonate. Organic content ranges from <1 to 11.5% within Pool A and tends to increase 

vertically from base to top of the Muskwa Formation. The highest TOC is observed in the top zone of the 

Muskwa within the western portion of Pool A (Figure 2.29a). The increase in TOC towards the top of the 

Muskwa likely corresponds with the overall 3rd order transgressive nature of the Muskwa interval (Dong 

et al., 2014). As the transgressive system continues throughout the deposition of the Muskwa 

Formation, so does the low-energy and oxygen depleted environment. As this environment persists 

there is likely increased preservation of organic matter thereby increasing TOC content towards the top 

of the formation. Although analyzed in less detail, outside of the Pool A area the TOC follows the same 

trend with an increase from base to top of the Muskwa Formation. 
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2.5.4 Mineralogical Trends 
The mineralogy varies stratigraphically as a result of sea level fluctuations controlling depositional 

processes, environments and sediment provenance. The Otter Park Member is interpreted to have been 

deposited during a period of higher energy and oxygenated conditions with increased detrital influence, 

whereas the Evie Member and Muskwa Formation represent quiescent, low oxygen conditions 

dominated by suspension settling (Ayranci et al., 2018b). Within each unit, the mineralogy varies on a 

regional basis within the study area. Figures 2.30 and 2.33 to 2.34 exhibit the regional variation in 

quartz, carbonate, and clay content of the three units.  

The quartz content of the Muskwa and Horn River Formations increases to the north and west within 

the HRB, similar to that of TOC (Figure 2.30). Quartz and TOC exhibit similar trends as a result of the 

correlation between organic accumulation and pelagic radiolarian accumulation (Ross and Bustin, 2008). 

The connection between quartz and TOC is present within the distal portions of the HRB where the 

majority of the quartz is biogenic in origin and, therefore, associated with organic accumulations (Figure 

2.31a). In more proximal locations the relationship does not exist, as the quartz is likely of detrital origin 

(Figure 2.31b); samples containing excess detrital quartz (>70 wt% quartz) exhibiting a negative 

correlation with TOC while samples with moderate amounts of quartz have an R2 of 0.8. (Figure 2.32). 

There is significant overlap of high quartz zones between the Muskwa and Horn River formations that 

match areas of high TOC. This demonstrates that certain areas of the HRB maintained a similar low 

energy distal environment throughout all three units, despite fluctuations in relative sea level. 

/ŀǊōƻƴŀǘŜ ŎƻƴǘŜƴǘ ƛǎ ƎŜƴŜǊŀƭƭȅ ƘƛƎƘŜǎǘ ƴŜŀǊ ǘƘŜ tǊŜǎǉǳΩƛƭŜ .ŀǊǊƛŜǊ Reef complex (Figure 2.33) where 

carbonate detritus shedding off of the reef would have accumulated along the slopes of the basin. Away 

from the carbonate platform, carbonate content decreases.  

The influx of detritus into the HRB during the time of Horn River and Muskwa formation deposition was 

from the south (Ayranci et al., 2018b). This is exhibited by the regional clay maps (Figure 2.34) with the 
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highest clay content in all three units located in the southern portions of the HRB. Within the Muskwa 

Formation, detrital material appears to settle out along the southern slope of the basin with smaller 

amounts of material being circulated throughout the central portion of the basin (perhaps by deep-

water tidal currents as demonstrated by Ayranci et al. (2018b). A similar trend is observed within the 

Otter Park Member however significant clay content appears to be present throughout the eastern edge 

of the HRB.  The Evie Member has the lowest average clay content of the three units, but the clay 

appears to have entered the HRB from the SW corner of the basin and settling out in a narrow zone 

throughout the central portion of the basin. 

2.5.5 Pore Development 
It has been demonstrated that porosity development in organic rich rocks can be associated with the 

temperature the rock has been exposed to (Munson, 2015). However, all of the analyzed samples are 

within the dry gas window, and presumably have experienced relatively similar chemical and mechanical 

diagenetic events. Burial depths do vary between samples, but there appears to be no apparent 

correlation between depth and porosity on a regional scale (Figure 2.35). It appears, rather, that pore 

development and preservation is more closely related to the organic content and the composition of the 

sample. The relationship between TOC and porosity shows a discernable but weak positive correlation 

of R2 = 0.2. The control on porosity within the Muskwa and Horn River Formations is more complicated 

than a direct relationship with organic content. It is likely that the relationship between mineralogy and 

organic content drives porosity development. TOC and porosity display a slight correlation when no 

other variables are taken into account, however, the trend is stronger when mineralogical differences 

are taken into account (Figure 2.36). At higher quartz content the correlation between TOC and porosity 

rises to R2 = 0.5. This correlation can be related, in part, to the connection between biogenic silica and 

organic matter accumulation displayed in Figure 2.32. Further, even with a component of detrital silica, 

which has been shown to negatively affect organic richness, primary porosity is more likely to be 
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preserved, thereby enhancing the overall porosity of the sample. Porosity development is, therefore, 

only partially controlled by organic content. Carbonate content has a negative effect on porosity and 

clay does not appear to influence porosity, but does exhibited a relatively low positive correlation with 

pore volume. Pores associated with clay platelets are observed in SEM, however, many of these pores 

may not be connected so they are not available to contribute helium porosity. Black siliceous mudstones 

tend to have the highest quartz content and organic content and, as a result, the highest porosity. 

2.5.6 Basin Influence on Regional Variability of Reservoir Properties 
The Horn River and Muskwa Formations represent an overall deep-basinal depositional environment 

resulting in a thick succession of fine-grained strata (Ross and Bustin, 2008). Nevertheless, reservoir 

quality demonstrates significant variability both spatially and stratigraphically.  

There are several extra- and intrabasinal influences which effect reservoir properties and subsequently 

the producibility of the reservoir. The main extrabasinal factor is eustatic sea level changes throughout 

the Givetian and Frasnian periods. During times of increased sea level, detrital deposition is restricted 

closer to the basin edge due to increased accommodation space, leading to less detritus within the 

deep-basinal areas (Dong, 2016). This can be observed through the decrease in clay and feldspar 

minerals within the transgressive Muskwa and Evie intervals. Carbonate content increases on and near 

the carbonate build-ups due to shedding of material off of the platform which is increased during 

periods of decreased sea level and subaerial exposure. The composition of a reservoir is a function of 

the stratigraphic zone as well as location within the basin. This is also the case with intrabasinal effects, 

mainly organic production. Organic content and quartz content are closely related in the study are due 

to the biogenic source of the quartz. In areas of deep quiescent waters pelagic radiolarians can bloom 

along with algae. Production and subsequent preservation of the organic matter is, therefore, more 

likely to occur during transgressive systems (Potma et al., 2012; Dong, 2016).  
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The interplay between maturity, organic richness, mineralogy and porosity within the basins allows for a 

predictive approach when delineating areas and zones that have the highest potential for producibility. 

Detailed analysis of the Muskwa and Horn River formations demonstrates the relationship between 

porosity, organic content, and rock composition within the study area. The interplay between organic 

content and mineralogy, particularly high TOC and high quartz content, helps to drive porosity 

development, which enhances the reservoir quality and increases the hydrocarbon generation and 

retention potential. The regional mapping of various reservoir properties provides insight into the 

spatial and stratigraphic variations and delineates areas of enhanced reservoir quality. Such reservoirs 

are associated with transgressive systems away from the surrounding carbonate platform. This includes 

the more distal central and western portions of the HRB where both quartz content and organic content 

is elevated throughout the studied stratigraphic interval. Within these areas, the Evie Member and the 

upper portion of the Muskwa Formations exhibit the necessary reservoir properties for gas production. 

Although dry gas is the main hydrocarbon phase, areas within the central/southern portion of HRB may 

have production supplemented by migrated condensate from the southeast.  

2.6 Conclusions  
The analyses completed for this research have provided important information on reservoir 

characterization for the Muskwa and Horn River Formations. The results of the petrophysical methods 

used in this study have been used in conjunction with publicly available data to enhance the 

understanding of reservoir properties. In doing so, the reservoir properties can be discussed in a spatial 

and stratigraphic context. The main conclusions of this regional reservoir study are: 

¶ The study area of the Horn River Basin and Cordova Embayment, is generally within the dry gas 

window. Vitrinite reflectance (vitrinite reflectance measurements or vitrinite equivalent values 

based off of pyrobitumen reflectance measurements) values are generally above 2%Ro, and 

increase to the west. Maturity values within the Liard Basin are not significantly higher, 
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suggesting that maximum thermal exposure of the Devonian strata predates extensive vertical 

movement along the Bovie Fault. Maturity decreases towards the south and east, demonstrated 

by a decrease in vitrinite reflectance, an increase in HI values, and reliable Tmax values.  

¶ In NEBC condensate potential in Devonian strata is highest in the area to the southeast of the 

HRB, which corresponds to an area of lower maturity. However, small volumes of condensate 

production from within the HRB (where maturity levels are within the dry gas window) points 

towards possible hydrocarbon migration from the southeast which postdates maximum thermal 

exposure during foreland subsidence. In Alberta, there is better potential for condensate as well 

as oil.  

¶ The Muskwa and Evie intervals have a higher organic content than the Otter Park Member and 

all units have observably higher TOC within the deeper parts of the HRB. Using the modified 

LogR method on core samples, a calibrated log TOC can be used to predict organic richness in 

areas lacking laboratory data. The modified LogR method works best for moderate levels of TOC. 

¶ TOC increases throughout the period of deposition of the Muskwa Formation, demonstrating a 

continual rise in sea level throughout much of the deposition of the formation. The most 

organic-rich zone is located in the M1 zone of the Muskwa Formation within the western 

portion of the HRB. This area is one of the more distal portions of the basin and would have 

experienced reducing conditions and a lack of detrital influx throughout the period of deposition 

allowing for enhanced accumulation and preservation of organic matter.  

¶ Mineralogy varies between the three units due to relative sea levels fluctuations. Higher sea 

levels associated with the Muskwa Formation and Evie Member have restricted the influx of 

detritus to proximal areas, where as lower sea level during deposition of the Otter Park member 

allowed for higher influx of detrital material. The Muskwa Formation is the most quartz 

dominant. 
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¶ The regional quartz and TOC have similar trends due to the biogenic nature of the quartz. Quartz 

content generally increases towards the center of the basin as the influence of the surrounding 

barrier reef complexes decreases along with the amount of clay detritus entering the more 

distal portions of the basin. Carbonate content, is therefore, highest is areas proximal to the 

tǊŜǎǉǳΩƛƭŜ ōŀǊǊƛŜǊ ǊŜŜŦ ŎƻƳǇƭŜȄΦ {Ǉŀǘƛŀƭ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ Ŏƭŀȅ ŎƻƴǘŜƴǘ ǇǊƻǾƛŘŜǎ ŀ ǊŜƎƛƻƴŀƭ ǎŎŀƭŜ 

understanding of the direction and basin circulation of detrital material.  

¶ The Muskwa Formation and Evie Member have higher porosities than the Otter Park Member, 

but porosity is relatively low for all three units with pycnometry values generally below 5%. 

Porosity is related to organic content and mineralogy. TOC shows the strongest positive 

correlation with porosity. 

¶ Based on MICP and LPGS; macro, meso, and micropores are present, with the mean pore size 

within the mesopore range. Pore volumes increase with increasing organic content. Much of the 

porosity of the samples is related to organic matter hosted porosity as observed from FE-SEM 

images.  

¶ Delineating areas with high TOC content is important for targeting areas with the best reservoir 

quality. High TOC is associated with distal depositional environments that contain high levels of 

biogenic quartz, low clay content and high porosity and are, therefore, likely the most 

prospective and productive locations.  

¶ Understanding the relationships between reservoir properties and the basinal influences on the 

reservoir allows for a predictive approach when assessing the producibility of an area and/or 

formation.  
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Figure 2.1 Paleogeography map for North America during the Late Devonian. The location of the study area is 
outlined in red (from Blakey and Ranny, 2018) 
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Figure 2.2 Map of the study area in relationship to Western Canada. The study focuses on the Horn River and Liard 
Basins and Cordova Embayment (modified from BC Ministry of Energy, Mines and Petroleum Resources and 
National Energy Board et al., 2011). 
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Figure 2.3 Upper Paleozoic stratigraphy for northeastern British Columbia (modified from Ferri et al., 2011). Abbreviations: Ei., 
Eifelian; Em., Emsian; Fa., Fammenian; Fm., formation; L, lower; M, middle; Mb., member; Penn, Pennsylvanian; U, upper. 
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Figure 2.3 Examples of macroscopic facies from the Muskwa and Horn River Formations. (A) Siliceous black 
mudstone. This facies often contains tentaculites and radiolarians and is most common in the Muskwa Formations. 
(B) Skeletal lime mudstone containing mainly sponge spicules and radiolarians. This facies is only present in the 
Evie member and the Horn River Formation. (C) Siliceous black mudstone with pyritic laminations and lenses. 
Mainly present in the Muskwa Formation. (D) carbonate Mudstone. Often cemented with spares occurrence of 
pyrite nodules. Only present in the Evie Member, mainly in close vertical proximity to over or underlying carbonate 
formations. (E) Laminated mudstone. Siliceous mudstone with carbonate rich laminations. 

 

 

Figure 2.4 The two cross-sections showing the location of wells from which core (black dots) and cuttings (red 
dots) samples were collected. 
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UWI Well ID Formation 
Sample 
Type 

SSTVD 
(m) 

Number of 
Samples 

TOC 
(%) 

Ave. HI (mg 
HC/g TOC) 

Ave. OI (mg 
CO2/g TOC) 

Ave. 
Tmax 
(°C) 

Maturity  

200/D-086-F 094-J-15/00 ATA D-086-F Muskwa Cuttings 2330 3 1.33 31.7 53.3 340 Dry Gas 

200/C-088-B 094-P-09/00 BP C-088-B 
Muskwa Cuttings 1615 3 0.81 51 74.3 363 Dry Gas 

Evie Cuttings 1896 5 1.99 18.6 32.6 566 Dry Gas 

200/A-089-K 094-P-07/00 CNRL A-089-K Muskwa Cuttings 1775 3 0.46 55.3 113.7 380 Dry Gas 

200/D-089-B 094-J-11/00 
DIRECT D-089-

B 

Muskwa Cuttings 2610 2 1.27 32.2 124.7 423 Dry Gas 

Otter Park Cuttings 2688 5 2.54 109.6 72 405 Dry Gas 

Evie Cuttings 2760 1 0.54 60 121 351 Dry Gas 

200/D-033-D 094-P-06/00 END D-033-D Muskwa Cuttings 2070 3 1.45 25.3 41 370 Dry Gas 

200/D-032-F/094-O-
01/00 

HSK D-032-F 

Muskwa Cuttings 2160 5 3.94 93.6 2.2 381 Dry Gas 

Otter Park Cuttings 2250 4 1.64 193.3 42.3 425 Dry Gas 

Evie Cuttings 2310 2 1.35 32.2 124.7 435 Dry Gas 

200/A-027-I/094-O-08/00 NXN A-027-I Muskwa Core 2431 3 3.16 37.7 19.7 334 Dry Gas 

200/C-054-G/094-P-10/00 PENN C-054-G Muskwa Core 1817 3 2.72 16 23 598 Dry Gas 

200/A-003-C/094-J-14/00 ECA A-003-C Muskwa Core 2302 5 2.04 34.8 25.8 349 Dry Gas 

200/C-036-E/094-P-16/00 PENN C-036-E Muskwa Core 1867 2 3.52 34 16 320 Dry Gas 
200/D-085-G/094-O-

08/00 
DEV D-085-G Muskwa Core 

2448 4 2.67 37.5 34.8 348 Dry Gas 

200/B-053-J/094-J-14/00 LTS B-053-J Muskwa Core 2133 4 3.68 20 15 338 Dry Gas 
200/A-065-G/094-O-

02/00 
IMP A-065-G Muskwa Core 

2143 3 2.94 14.3 20 340 Dry Gas 

 

Table 2.1 Averaged results for pyrolysis analyses completed for this study
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Well 
Sample Type/Reflectance 

Measurement 

A-065-G Bitumen/Vitrinite Equivalent 

B-008-H Bitumen/Vitrinite Equivalent 

C-028-D Bitumen/Vitrinite Equivalent 

B-017-F Bitumen/Vitrinite Equivalent 

A-040-G Vitrinite 

B-049-G Bitumen/Vitrinite Equivalent 

D-075-E Vitrinite 

A-094-G Bitumen/Vitrinite Equivalent 

A-090-I Bitumen/Vitrinite Equivalent 

B-017-F Bitumen/Vitrinite Equivalent 

D-075-J Bitumen/Vitrinite Equivalent 

B-019-K Vitrinite 

D-012-L Vitrinite 

D-064-K Vitrinite 

D-028-B Vitrinite 

B-063-B Vitrinite 

A-033-L Vitrinite 

 

Table 2.2 Wells that contain reflectance (either pyrobitumen and vitrinite equivalent values or vitrinite reflectance 
values) data for the Muskwa Formation. 
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Figure 2.5 Examples of pyrograms from various formations showing the variation in maturity levels and quality of 
the S2 peaks. (A) A high quality pyrogram with a sharp, symmetrical S2 peak. (B) A broad, almost indistinguishable 
S2 peak leading to possible uncertainty in the Tmax values. (C) Poor quality pyrogram leading to anomalously low 
Tmax values. 
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A 

Figure 2.6 Subsurface vertical depth versus temperature of maximum rate of hydrocarbon generation (Tmax °C) from 
pyrolysis analyses on cuttings samples from (A) British Columbia (Horn River Basin and Cordova Embayment) and (B) 
western Alberta. Only samples with useable Tmax values have been plotted. The colours correspond to the period of 
deposition (for sample locations refer to Figure 2.4).   
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Figure 2.7 Pseudo van Kreleven for (A) British Columbia (Horn River Basin and Cordova Embayment) and (B) 
western Alberta. The colours correspond to the period of deposition 9for sample locations, refer to Figure 2.4). The 
Alberta samples exhibit higher OI and HI values than the British Columbia samples and point towards Type II 
kerogen for the Devonian-aged samples.   
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Figure 2.8 Depth versus TOC for the Muskwa and Horn River Formations in northeastern British Columbia. The 
colours correspond to the three different units. The data comes from the publically available database along with 
analysis completed for this study. 
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Figure 2.9 9ȄŀƳǇƭŜ ƻŦ ǘƘŜ ŎŀƭƛōǊŀǘŜŘ ƻŦ ƭƻƎ ¢h/ ǳǎƛƴƎ ǘƘŜ ƳƻŘƛŦƛŜŘ ɲƭƻƎw ƳŜǘhod. 
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Figure 2.10 Cross plot of calculated Lab TOC versus measured Log TOC. 55% of the data points fall within the two 
thin black lines which represents a 1% TOC difference between the two methods. 
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Figure 2.11 Quartz and Feldspar (Q+F), Clay, and Carbonate ternary plot for the mineralogy of the Muskwa and 
Horn River Formations. The colour corresponds to the three different units which were analyzed. The Muskwa is 
the most quartz rich, and the Evie Member contains the largest proportion of carbonate minerals. 
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Figure 2.12 A cross plot of helium porosity (%) versus MIP porosity (%). Helium porosity is consistently higher than 
MIP porosity due to the compaction that occurs during the high pressure values reached during MIP analysis which 
occludes some of the pore space. 

 

Figure 2.13 Box and whisker plot showing the range of porosity of each of the units. The overall average porosity is 
4.4% and is represented by the solid black line. The two dotted lines are the 1 standard deviation. 
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Figure 2.14 Porous material 
classification scheme 
recommended by IUPAC. 
Figure from Munson (2015). 

Figure 2.15 Normalized MIP intrusion curves for the Muskwa Formation and 
Horn River Formation. Results have been corrected based on the methodology 
by Munson (2015). All curves are coloured based on helium porosity values for 
the individual samples. (a) Muskwa Formation; (b) Evie Member; (c) Otter Park 
Member. 
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Table 2.1 Summary table of LPGS results. 

 

 

 

 

DR Pore 

Width, 

average (nm)

DFT Pore 

Width, 

mode (nm)

DFT Pore 

Volume 

(cc/g)

BET 

Surface 

Area (m2/g)

BET Total 

Pore 

Volume 

DR Pore 

Width, 

average (nm)

DFT Pore 

Width, 

mode (nm)

DFT Pore 

Volume 

(cc/g)

BET 

Surface 

Area (m2/g)

BET Total 

Pore Volume 

(cc/g)

200/B-025-I/094-P-10/00 B-025-I M2 5.583 3.969 1.23E-02 4.93 1.22E-02 1 0.54 3.30E-03 3.527 1.55E-03

200/A-003-C/094-J-14/00 A-003-C M2 5.601 4.15 1.67E-02 8.799 1.78E-02 1.03 0.3053 3.10E-03 3.555 1.53E-03

200/C-036-E/094-P-16/00 C-036-E M2 6.484 4.152 1.60E-02 3.78 1.40E-02 1.03 0.548 2.00E-03 2.626 1.00E-03

200/D-085-G/094-O-08/00 D-085-G M2 5.578 4.152 7.80E-03 3.503 7.63E-03 1.029 0.548 2.20E-03 2.599 1.11E-03

200/A-065-G/094-O-02/00 A-065-G M3 5.664 4.152 1.85E-02 6.893 1.61E-02 0.984 0.349 5.30E-03 6.024 3.02E-03

200/B-053-J/094-J-14/00 B-053-J M2 5.186 3.97 1.92E-02 10.7 1.92E-02 1.022 0.548 3.90E-03 4.48 1.93E-03

200/A-027-I/094-O-08/00 A-027-I M1 6.67 4.15 1.06E-02 2.39 9.21E-03 1.066 0.54799 1.70E-03 1.534 5.23E-04

200/B-070-D/094-P-16/00 B-070-D M1 5.137 4.15 3.10E-02 19.3 2.97E-02 1.048 0.524 5.00E-03 5.78 2.39E-03

200/C-054-G/094-P-10/00 C-054-G M2 4.946 4.15 2.82E-02 20.3 2.75E-02 1.003 0.52388 5.40E-03 4.732 1.97E-03

200/D-085-G/094-O-08/00 D-085-G M1 6.496 5.2 3.10E-03 0.822 3.46E-03 1.025 0.573 6.00E-04 6.92 2.72E-04

200/A-065-G/094-O-02/00 A-065-G E3 6.521 3.969 6.50E-03 1.889 6.43E-03 1.031 0.54799 1.40E-03 1.546 6.85E-04

200/C-054-G/094-P-10/00 C-054-G E3 5.149 1.4748 7.60E-03 3.428 7.94E-03 1.021 0.52388 5.60E-03 6.987 2.82E-03

200/C-054-G/094-P-10/00 C-054-G E5 4.434 1.4099 1.51E-02 12.17 1.50E-02 1.035 0.52388 6.60E-03 8.266 3.30E-03

200/B-070-D/094-P-16/00 B-070-D E3 4.936 4.1517 1.80E-02 10.6 1.92E-02 0.54799 6.10E-03 6.722 2.16E-03

N2 Adsorption CO2 Adsorption 

UWI Sample ID
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Figure 2.16 N2 isotherms for several Muskwa Formation samples. The volume of adsorbed nitrogen and shape changes slightly, but all of these isotherms can 
be classified as Type IIB (Rouquerol et al., 1998). 
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Figure 2.18 An example of a CO2 adsorption isotherm for a Muskwa 
sample. All of the CO2 isotherms show a lack of closure at low P/Po. 

Figure 2.17 Pore size diameters based on the BJH method from 
the adsorption branch of the N2 isotherm.  The colours 
correspond to the different samples analyzed. All of the samples 
show a significant proportion of mesopores and micropores. 
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Figure 2.18 BET volume versus BET surface area for analyzed Muskwa samples. 

Figure 2.19 Cross plots of pore volumes versus a variety of reservoir properties (clay content, quartz 
content, carbonate content, and TOC content). TOC exhibits the strongest positive relationship with pore 
volumes with an R2 values of 0.55. 
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Figure 2.20 FE-SEM photomicrographs of representative siliceous black mudstone samples from the Muskwa Formation. (A) From the Cordova Embayment and 
has a porosity of 8.56%, TOC of 3.54%, and contains over 70% quartz. From the inset, the slit-like geometry of the inter-organic matter pores can be observed. 
These pores are a few hundred nm across but only a few nm wide. (B) This sample is from the central portion of the Horn River Basin, and has a porosity of 
2.47% and a TOC of 2.25%. Quartz alone accounts for over 90% of this rock, much of the remaining fraction is organic matter. (C) From the SW portion of the 
Horn River Basin this sample has the lowest porosity of these three samples at 1.49% and TOC of 1.75%. Despite the lower porosity, this sample has larger than 
average pores. The illite content is significantly higher than the previous two samples. 
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Figure 2.21 Isoreflectance map for the Muskwa Formation in northeastern British Columbia, based on publically 
available vitrinite reflectance (VR) analyses. Areas of potential wet gas are represented by green and are related to 
%Ro values <2. Maturity generally increases to the northwest. 
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Figure 2.22 Hydrogen Index (HI) for the Muskwa Formation in northeastern British Columbia, base on publicly 
available data and data collected for this study. As HI values decrease, maturity increases. Many of the values are 
below 50 mg/g which corresponds to the dry gas window. Higher HI values are observed towards the south.  
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Figure 2.23 Bubble map showing the first month (IP30) data for condensate production from Devonian shales 
(blue) and the Jean Marie Member (orange). Note that the scales differ between the two units. The largest 
condensate potential is located in the southeastern corner of the map. The insert represents the horizontal wells 
within NTS area 094O that have reported minor condensate production. Production values are from geoLogic. 
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Figure 2.24 Gas wetness for the Muskwa Formation within the Horn River Basin in northeastern British Columbia. 
Wetness was calculated using the equation developed by Unrau and Nagel (2012). The values with a higher wet 
gas ratio in the Horn River Basin are mainly bulls eyes effected by a single data point. There is no observed 
similarity between wet gas ratio and maturity in the Horn River Basin. The gas wetness values are calculated based 
off reported values from geoLogic. 
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Figure 2.25 Regional total organic carbon (TOC) variability for the Muskwa and Horn River formations in northeastern British Columbia: (a) Muskwa Formation 
(and equivalent marker in the Liard Basin); (b) log-derived TOC for the Muskwa Formation within the Horn River Basin (note the similarity with the trends 
exhibited by laboratory data); (c) Otter Park member; (d) Evie member. 
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Figure 2.26 A to A' cross section within Pool A. The Muskwa Formation is divided into five 
correlative zones (M1 to M4) based on gamma ray log signatures. The surfaces are picked 
based off of gamma ray spikes that can be correlated along through Pool A. The gamma ray 
curve (black) ranges from 0 to 250 API, the Resistivity curve (green) ranges from 1.0 to 10.0 
ohms, the density curve (blue) ranges from 2 to 3 g/cm3 and the TOC curve (red) ranges from 
0 to 8% TOC. 
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Figure 2.27 Total organic carbon (TOC) variability within 'Pool A' for zones within the Muskwa Formation: (A) Upper Most Zone M1; (B) Zone M2; (C) Zone M3; 
(D) Zone M4; (E) Zone M5. TOC content generally increases from the base of the Muskwa towards the top. 



55 
 

 

Figure 2.28 Regional quartz variability for the Muskwa and Horn River formations in Northeastern British Columbia; (A) Muskwa Formation; (B) Otter Park 
Member; (C) Evie Member.
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Figure 2.29 A) TOC and quartz exhibit a weak-moderate correlation in the distal portions of the HRB. B) Proximal 
areas exhibit no relationship between TOC and quartz. 
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Figure 2.30 TOC vs quartz. A strong correlation is exhibited for samples with mainly biogenic quartz (blue) and a 
weak negative correlation with samples containing excess detrital quartz (red).  
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Figure 2.31 Regional carbonate variability for the Muskwa and Horn River formations in Northeastern British Columbia; (A) Muskwa Formation; (B) Otter Park 
Member; (C) Evie Member. 
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Figure 2.32 Regional carbonate variability for the Muskwa and Horn River formations in Northeastern British Columbia; (A) Muskwa Formation; (B) Otter Park 
Member; (C) Evie Member. 
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Figure 2.33 Porosity cross-plots. (A) Depth versus porosity; (B) Quartz versus porosity; (C) TOC versus porosity (R2 = 0.2); (D) Clay versus porosity. All of the 
correlation factors are relatively low, with TOC showing the strongest relationship with porosit
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Figure 2.34 TOC vs. Porosity cross plot for samples with high quartz content.  
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Chapter 3: Basin Modeling and Thermal History of the Horn River and 

Liard Basins, Cordova Embayment, and adjacent parts of the Western 

Canadian Sedimentary Basin*  
 

3.1 Introduction 
 Basin modeling through numerical simulations is a powerful tool in quantifying the burial and thermal 

history of a basin and timing and volume hydrocarbon generation, migration and entrapment. Basin 

modeling requires the integration and knowledge of numerous variables including regional geology, 

lithology, stratigraphy, tectonic history and heat flow. The northeast BC (NEBC) portion of the Western 

Canada Sedimentary Basin (WCSB) is relatively understudied and underexplored compared to most 

other areas in the basin. Hence, basin modeling can provide significant insights and constraints as to the 

basin history and contribute to predicting the economic potential of this important area.  

Previous work in the study area on the Devonian stratigraphy of the Horn River Basin (HRB) and adjacent 

areas have focused on reservoir properties and resource potential (Stasiuk and Fowler, 2004; Ross, 

2007; Ross and Bustin, 2008, 2009; Ferri et al., 2011, 2013, 2014, 2015; Chalmers et al., 2012; Harris and 

Dong, 2013; Balogun, 2014; Dong et al., 2014; Ferri and Griffiths, 2014; Dong, 2016). Few studies have 

investigated basin evolution and burial history integrating recent drilling results from. The studies that 

include a basin modeling component have focused on the Liard Basin and Interior Plains of the 

Northwest Territories (Morrow et al., 1993; Potter, 1998), or the Peace River Arch area (Kalkreauth and 

McMechan, 1988; Dubey et al., 2017) or further to the east near the oil sands deposits in Alberta (Higley 

et al., 2009; Berbesi et al., 2011). All of these studies provide important information and methodologies 

and provide the groundwork on which the present modeling study is based. Most notably, the Morrow 

*A portion of this chapter has been published. Wilson, T.K. and Bustin, R.M. (2019): Basin Modeling and Thermal History 
of the Horn River and Liard Basins, Cordova Embayment, and adjacent parts of the Western Canadian Sedimentary Basin 
ς in progress; in Geoscience BC Summary of Activities 2018, Geoscience BC, Report 2019-1, p. 1-20. 
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et al. (1993) study of the Liard Basin (mainly within the Northwest Territories) provides key data and 

insights.  

The objective of this study is to use basin modeling to understand the basin evolution and determine the 

role of various geological properties in the burial and thermal history and subsequent present-day 

petroleum systems of NEBC. In this study one-dimensional (1D) modeling and sensitivity analysis were 

performed at 24 well locations throughout the study area.   The study leverages publically available data 

and a multitude of prior research on the regional geology, lithology, and stratigraphy.  

3.2 Regional Geology and Stratigraphy 

3.2.1 Overview and Study Area 
This study focuses on the Horn River Basin, Cordova Embayment in NEBC, NW Alberta and adjacent 

areas, as well as a portion of the Liard Basin (Figure 3.1). This approximately encompasses an area from 

59º to 60°N and 118º to 124°W. This large regional area contains a thick succession of Phanerozoic 

sediments, including the extensive Devonian-aged organic-rich source rocks that are the focus of this 

research. 

3.2.2 Tectonic History 
The evolution of the WCSB can be divided into two main tectonic phases: a late Proterozoic to Jurassic 

generally passive continental margin setting and a compressional Jurassic to Eocene foreland basin 

(Porter et al., 1982). Uplift of cratonic arches, such as the Tathlina and Peace River Arches, during the 

Ordovician and early Devonian strongly controlled the deposition of Middle to Upper Devonian strata. 

The study area experienced extension coeval with the Devonian-Aged Antler Orogeny occurring in the 

western United States (Morrow and Geldsetzer, 1988). Such extension is thought to have led to the 

block faulting that formed the Peace River Embayment, Fort St. John Graben and Prophet Trough during 

the Devonian and Mississippian (Morrow and Geldsetzer, 1988). During the Devonian, the presence of 

these structural features led to differential subsidence and preservation in the study area. The type of 
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deposits, such as extensive evaporitic beds in areas enclosed by cratonic arches; and clastic provenance 

was also affected by the presence of basement features (Porter et al., 1982; Wright et al., 1994). The 

persistence of the Peace River Embayment, Fort St. John Graben and Prophet Trough continued to 

influence deposition through to the Cretaceous.  

The Bovie Fault is an important structural feature in the study area and separates the Liard Basin from 

the Horn River Basin. It has been posited that the first stage of Bovie Fault motion occurred during the 

Late-Carboniferous (post Mattson deposition, but pre-Fantasque deposition) and is interpreted to have 

been a crustal-scale convergent fault related to uplift and compression (Maclean and Morrow, 2004).  

Maclean and Morrow (2004) noted that this movement may share a common structural history with the 

Celibeta High. Abrupt lateral changes in thickness of the Mattson Formation is related to the uplift and 

ǎǳōǎŜǉǳŜƴǘ ŘƛŦŦŜǊŜƴǘƛŀƭ ŜǊƻǎƛƻƴ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƳƻǾŜƳŜƴǘ ŀƭƻƴƎ ǘƘŜ ΨŘŜŜǇ-ǊƻƻǘŜŘΩ .ƻǾƛŜ Cŀǳƭǘ όIŀȅŜǎ 

and Costanzo, 2014; Maclean and Morrow, 2004). The development of the Liard Basin and Bovie Fault 

had no direct influence on the deposition of the older Muskwa and Horn River Formations. However, 

the rapid subsidence and increased accommodation space in the Liard Basin caused by Devonian-aged 

extensional tectonics combined with two stages of Bovie Fault movement led to significantly deeper 

paleo- and present-day burial depths for the Devonian shale gas units (Hayes and Costanzo, 2014; Ferri 

et al., 2011).  

Beginning in the Jurassic, the study area shifted from a cratonic platform controlled by underlying 

structural features and eustatic sea level fluctuations into a foreland basin with stacked clastic deposits 

(Dickinson, 2004; Monger and Price, 2002; Porter et al., 1982).  Terrane accretion of the Intermontane 

and the Insular superterranes occurred to the west and caused isostatic loading of the continent and 

rapid foreland subsidence (Figure 3.2) (Porter et al., 1982; Dickinson, 2004; Colpron and Nelson, 2011). 

As convergence continued throughout the Jurassic and Cretaceous there was increased crustal 

thickening and northwest directed thrusting. Previous foreland deposits were uplifted and eroded and 
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the present-day preserved terrestrial deposits of the Late Cretaceous were deposited (Porter et al., 

1982). In the southern Cordilleran it is estimated that approximately 150 km of shortening occurred 

between the Late Cretaceous and the Paleocene, compared to approximately 50 km in northern BC 

during the same time period (Price, 1994). The decreased amount of shortening can largely be 

attributed to the increase dextral motion of convergence in the north (Gabrielse, 1985). The increase in 

dextral motion allowed for a large portion of the shortening observed in the southern Cordilleran to be 

accommodated by strike slip motion further to the north. There is also a marked change in structural 

style in northern BC due to the presence of thick incompetent shale units between carbonate units 

leading to more of a fold-dominated structural package (Thompson, 1979). As convergent plate motion 

continued to the west the lithosphere was weighed down from the thickening of rocks within the fold 

and thrust belt leading to increased subsidence of the pre-existing stratigraphic section (Price, 1994).  

The outboard tectonism and formation of the foreland basin is inextricably linked to the present-day 

petroleum systems as increased subsidence allowed a large portion of the stratigraphic section to reach 

temperatures necessary for hydrocarbon generation. The tectonic style changed in the early Eocene, 

and the transpressional regime became transtensional. As a result, subsidence was replaced by uplift 

and erosion (Monger and Price, 2002; Price, 1994). This uplift event eroded much of the Upper 

Cretaceous sediments, largely ended the maturation of hydrocarbons, and generally led to the present-

day burial depths of the study area.  

3.2.2 Stratigraphy 
The basin models must consider the stratigraphic intervals from the Middle Devonian (Eifelian) through 

to the present. The modeled Phanerozoic stratigraphic succession is currently several kilometers thick, 

varying from approximately 1500 m in the eastern portion of the study area to over 4 km within the 

Liard Basin. The majority of this thickness is Devonian and Mississippian formations which transition 

from dominantly shallow-marine carbonates in the east in Alberta to dominantly deep-water shales in 
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the west (Figure 3.3 and 3.4). The base of many of the models presented in this study is the Middle 

Devonian (Givetian) Keg River Formation (Upper Elk Point Group). The base of the Upper Elk Point Group 

is marked by a major transgressive phase leading to a change in the depositional environment from the 

restricted evaporites and shallow marine clastics of the Chinchaga Formation to the open marine 

carbonate setting of the Keg River Formation (Lee, 1998).  

The Keg River Formation was deposited in an intracratonic basin and is divided into the Lower and 

Upper Keg River Members (Chow et al., 1995). The Lower Keg River is dominated by open marine 

burrowed and laminated wackestone and floatstone facies, followed by the ramp, platform and reef-

related facies of the Upper Keg River Member (Rogers, 2017). As the Keg River Formation continued to 

ŘŜǾŜƭƻǇΣ ǊŜŜŦ ƎǊƻǿǘƘ ŎƻŀƭŜǎŎŜŘ ƛƴǘƻ ŀƴ ŜȄǘŜƴǎƛǾŜ ōŀǊǊƛŜǊ ǊŜŜŦ ŎƻƳǇƭŜȄΣ ǇŀǊǘ ƻŦ ǘƘŜ tǊŜǎǉǳΩƛƭŜ /ƻƳǇƭŜȄΣ ƛƴ 

the south and eastern portions of the study area. This barrier reef complex coupled with a drop in sea-

level created a restricted basin and the accumulation of the Prairie Evaporite Formation and laterally 

equivalent Muskeg Formation (Rogers, 2017). Sea-level continued to rise throughout the time of Prairie 

Evaporites, allowing Sulphur Point Formation carbonates to form. The Elk Point Group is capped by a 

marked shift to clastic deposition in the form of the thin Watt Mountain Formation (Rogers, 2017; Lee, 

1998). Shallow marine conditions we re-established after the Watt Mountain Formation was deposited, 

allowing for deposition of the platform carbonates of the Slave Point Formation (Lee, 1998) which 

comprises the basal interval of the Givetian to Frasnian Beaverhill Lake Group.  

West of Alberta, particularly within the Horn River Basin, the stratigraphy of the Upper Elk Point and 

Beaverhill Lake Group is represented by distal equivalent deposits assigned to the Horn River Formation 

(Dong, 2016). The Horn River Formation is comprised of the lower Evie Member and upper Otter Park 

Member. The Evie Member consists of a lower carbonate mudstone to grainstone followed by a black 

siliceous mudstone (Dong et al., 2015). The Otter Park Member is more organic lean than the Evie 

Member, and is dominated by laminated grey mudstones. The Evie Member represents a transgressive 
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and high-stand systems tract related to a low-energy environment and the Otter Park Member 

represents a low-stand systems tract related to a higher energy and more oxygenated environment 

(Ayranci et al., 2018). The Horn River Formation is largely restricted to the Horn River Basin, unlike the 

overlying Muskwa Formation which is present throughout the study area. The Muskwa Formation, 

which is equivalent to the Duvernay Formation in central Alberta, comprises the base of the Woodbend 

Group and represent deposition and renewed transgression following the low-stand system tract of the 

underlying Otter Park Member. The time period during Muskwa Formation deposition represents a 

basin-wide inundation (transgressive and high-stand systems tracts) that drowned the Cooking Lake 

ǇƭŀǘŦƻǊƳ ƛƴ !ƭōŜǊǘŀ ŀƴŘ ǘƘŜ tǊŜǎǉǳΩƛƭŜ /ƻƳǇƭŜȄ ƛƴ b9./ ό!ȅǊŀƴŎƛ Ŝǘ ŀƭΦΣ нлмуōΤ [ŜŜΣ мффуύΦ ¢Ƙƛǎ 

transgression resulted in the Muskwa Formation accumulation (Figure 3.4). Overlying the organic-rich 

Muskwa Formations shales is the Fort Simpson Formation. As detrital influx increased, the basin and 

platform began to fill with the organic-lean Fort Simpson Formation. The Fort Simpson Formation is a 

several hundred meters thick succession within the study area which largely filled the basin, resulting in 

a shallow broad basin to form at the end of Woodbend Group deposition (Switzer et al., 1994).  

Carbonate environments were re-established after Fort Simpson Formation deposition, marking the 

start of Winterburn and Wabamun Group deposition. Several carbonate-dominated formations 

comprise the Winterburn and Wabamun groups within the study area including the Redknife 

(carbonate), Kakisa (carbonate), Trout River (sandstone-limestone), Tetcho (argillaceous limestone), and 

Kotcho (shale) Formations. These formations all thin towards the west, eventually shaling-out into the 

Fort Simpson Formation within the Horn River Basin. This causes the top of the Fort Simpson Formation 

to become progressively younger from east to west within the study area as each of the Winterburn 

Group formations shale-out (Ferri et al., 2015). The Devonian stratigraphy is capped, as it is nearly 

everywhere in North America, Frasnian-Famminan aged black shales which are assigned to the Exshaw 

Formation in the study areas (Morrow and Geldsetzer, 1988). The Exshaw Formation spans the 
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Devonian-Mississippian boundary and represents a global climate shift and ocean eutrophication that 

resulted in widespread organic-rich mudrocks to accumulate (Caplan and Bustin, 1999). Proposed causes 

of this shift include a cooling of marine temperatures due to increased ocean productivity and lowering 

of CO2 concentrations leading to changes in ocean circulations which may have promoted ocean 

overturn and eutrophication across the Devonian-Mississippian boundary (Caplan, 1997). The 

Mississippian Banff Formation overlies the Exshaw Formation.  The Middle Devonian to Lower 

Mississippian stratigraphy of the Liard Basin is represented by the siliceous shales of the Besa River 

Formation (Figure 3.4). The interval between the Keg River and the Banff Formations in the Liard Basin 

represents a deep-water succession equivalent to the carbonate and shale packages discussed above. 

Although the Keg River and Banff formations are not distinguished as such within the Liard Basin, several 

markers are mappable which are considered equivalent to formations in the Horn River Basin such as 

the Muskwa, Exshaw and Kotcho (Ferri et al., 2015).    

The Carboniferous and Permian stratigraphy is mainly composed of the Banff Formation and Rundle 

Group which comprises several transgressive-regressive cycles, (Morrow and Geldsetzer, 1988), the 

Mattson Formation within the Liard Basin, and the Fantasque/Belloy Formation. The Rundle Group 

comprises several transgressive-regressive cycles and is composed of several formations that range in 

lithology from clean carbonates (Pekisko Formation) to argillaceous carbonates and shale (Shunda and 

Debolt formations) (Morrow and Geldsetzer, 1988; Richards, 1994). In the Liard Basin, the Rundle Group 

is overlaid by the Upper Mississippian to Pennsylvanian Golata and Mattson formations. The Golata 

Formation represents marine shelf and prodelta shale deposits and the Mattson Formation is mainly 

composed of deltaic deposits (Richards et al., 1994). The Permian-aged cherty sandstones and 

dolostones of the Fantasque/Belloy Formation are relatively thin or absent across the basin (Hendersen 

et al., 1994). The Triassic Toad Formation is only preserved in the Liard Basin, otherwise the stratigraphic 

record from the Permian through to the Cretaceous is not preserved in the study area due to a 



69 
 

significant drop in sea level during Late Permian, which led to a period of erosion.  The beginning of 

compressional deformation during the Jurassic further eroded earlier deposits as the deformation front 

moved northeast (Wright et al., 1994). The Cretaceous stratigraphy is dominated by deltaic, fluvial, and 

marine deposits of the Albian to Cenomanian Fort. St John Group (Stott, 1982). Upper Cretaceous 

sediments are largely absent from the stratigraphic section due to Tertiary erosion. The stratigraphic 

section is capped by Quaternary overburden.  

3.3 Methodology 
This study focuses on reconstructing the basin(s) through a series of 1D basin models across the study 

area (Figure 3.5ύΦ ¢ƘŜ ƳƻŘŜƭǎ ǿŜǊŜ ōǳƛƭǘ ǳǎƛƴƎ {ŎƘƭǳƳōŜǊƎŜǊΩǎ tŜǘǊƻaƻŘϯ нлмр ǎƻŦǘǿŀǊŜ ǎǳƛǘŜΦ In order 

for the models to be fully representative of the basin, all of the inputs need to be defined according to 

the best available knowledge and data. Important modeling inputs include lithology for the entire 

stratigraphic column, source-rock properties, boundary conditions (heat flow, surface-water interface 

temperature, and paleo-water depths), erosion and hiatus events, and any thermal maturity calibration 

data available (mainly vitrinite reflectance and Tmax). Some inputs, such as heat flow and Tertiary 

erosion, are particularly difficult to constrain; therefore, sensitivity analysis (detailed in section 3.4.1) 

was performed on each model to address these uncertainties and ensure the final models reflected the 

most likely case.  

3.3.1 Lithology  
Accurately defining the lithology of individual stratigraphic intervals (Devonian to Present) is critical 

during basin modeling. Different rock types exhibit different petrophysical properties (chemical, 

mechanical, and thermal) which affect the simulation of the numerical models. User-defined lithologies 

were created within PetroMod® for each stratigraphic unit, by mixing several predefined lithologies. The 

Lexicon of Canadian Geological Names (Natural Resources Canada, Government of Canada, 2011) and 

important references therein were the main source for generalized lithological descriptions. Within the 
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study area there are significant ŦŀŎƛŜǎ ŎƘŀƴƎŜǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ΨǎƘŀƭƛƴƎ ƻǳǘΩ ƻŦ ǎŜǾŜǊŀƭ 5ŜǾƻƴƛŀƴ ŎŀǊōƻƴŀǘŜ 

formations. The lateral variation in lithology associated with such changes is captured by formation 

nomenclature and, therefore, the lithological descriptions used in the modeling. For example, the 

Redknife Formation and Fort Simpson Formation are laterally equivalent but have two unique lithologies 

as shown in Table 3.1. The lithology for each formation and member, however, was kept consistent 

ǿƛǘƘƛƴ ŜŀŎƘ ŦƻǊƳŀǘƛƻƴΩǎ ŘŜǇƻǎƛǘƛƻƴŀƭ ƭimit. This is a simplification as lateral facies changes occur across 

the large geographic extent of the study area. The facies changes that do occur within each formation, 

however, were deemed to not have a major effect on the overall model results and were therefore kept 

consistent. ¢ƘŜ ƭŀǘŜǊŀƭ !ǘƘȅΩǎ ƭŀǿ ό!ǘƘȅΣ мфолύ ǿŀǎ ǳǎŜŘ ŀǎ ǘƘŜ ƳŜŎƘŀƴƛŎŀƭ ŎƻƳǇŀŎǘƛƻƴ ƳƻŘŜƭ ŀƴŘ ǘƘŜ 

Sekiguchi Model (Sekiguchi, 1984) was used for thermal conductivity. The thermal conductivity of mixed 

lithologies is calculated by geometrically averaging the rock matrix and pore fluid values. The calculated 

thermal conductivity values were used for each mixed lithology. The geological ages for each interval 

was determined based on the age range provided by the Lexicon of Canadian Geological Names which 

are either based on biostratigraphy or based on the well-defined stratigraphic relationships that exist for 

the WCSB. Table 3.1 illustrates the stratigraphic formations and ages, and their respective lithologies, 

thermal and mechanical properties used in the models. 

3.3.2 Source Rock Properties 

In the study area the main Devonian-aged petroleum source rocks are the Evie Member of the Horn 

River Group and the Muskwa and Exshaw formations (National Energy Board et al., 2011). The Burnham 

1989 TII kinetic model was used for all three source rock intervals. This kinetic model, which uses the 

Arrhenius rate constants to calculate vitrinite reflectance, has been proven to be a reliable method and 

works well over a wide range of conditions, including high maturity samples (Burnham and Sweeney, 

1989). This kinetic model is integrated into the Easy %Ro model (Sweeney and Burnham, 1990), which is 

used in many basin modeling studies and is the default method for PetroMod®. Based on whole-rock 
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pyrolysis analysis, current hydrogen indices are generally <50 mgHC/g of rock, and TOC has an average 

of 3 wt% for both the Muskwa and Evie intervals, and slightly higher for the Exshaw Formation (Wilson, 

2017). Original TOC and HI values were approximately 4.7 wt% and 450 mgHC/g (Jarvie et al., 2007; 

Jarvie et al., 2004).  

3.3.3 Boundary Conditions 

There are three boundary conditions that must be defined for the basin model simulations: heat flow 

through time; sediment-water interface temperature (SWIT); and paleo-water depth (PWD). Both 

present-day and paleo values must be defined. All of the boundary conditions help to define the thermal 

constraints of the model, with heat flow being the most important of the three. Figure 3.6 represents 

the generalized trend of these three parameters versus time from the D-012-L well in the HRB.  

3.3.3.1 Sediment-water interface temperature and Paleo-water depth 

The SWIT values throughout the history of the basin were defined by using the Wygrala (1989) model 

for Global Mean Temperature at Sea Level. The Wygrala (1989) method uses present-day latitude and 

paleo-water depth data to extract the temperature at sea level over a series of geological time steps. 

Using a present day latitude of 59°N, the SWIT in the study area ranges from 5 to 25.3°C, with peak 

temperatures at 100 Ma at a paleo-latitude of approximately 55°N. 

PWD was based on the paleogeographic maps and the basin evolution history (Wright et al., 1994, 

Mossop and Shetsen, 1994). It is known that the PWD is an important parameter for compaction and 

pressure effects, along with SWIT (Bruns et al., 2016). PWD during the deposition of the Evie and 

Muskwa may have been in excess of 100 m (Stasiuk and Fowler, 2004); however, due to the potential 

difference in magnitude of PWD and the overall thickness of the WCSB of several kilometers, the 

uncertainty of the PWD does not have a significant impact on the model outputs. In general, PWD 

decrease over time as Western Canada transitioned from dominantly marine settings to dominantly 

terrestrial and marginal marine settings.  
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3.3.3.2 Heat Flow 

The SWIT and PWD define the upper thermal boundary of the basin. The lower boundary requires 

mapping of the heat flow. Heat flow maps (Weides and Majorowicz, 2014; Majorowicz, 2005) are 

important references for the determination of present-day heat flow within the study area (Figure 3.7). 

The continental average value of heat flow world-wide is 65 mW/m2 (Allen and Allen, 2005). Within the 

study area, however, present day-heat flow varies significantly, with values generally the highest in the 

NE corner of BC and lowest within the Liard Basin (Majorowicz and Jessop, 1981; Majorowicz et al., 

2005). Heat flow within the Liard Basin represents a localized low (Majorowicz et al., 2005). Currently 

heat flow in the HRB, Cordova Embayment, and western Alberta area are significantly elevated, reaching 

values near 100mW/m2. Heat flows are often elevated during times of inversion due to the exhumation 

and removal of relatively hot rocks (Bruns et al., 2014). Therefore, heat flow values within WCSB have 

likely been elevated above the continental average since the Eocene. Due to the large uncertainty 

around heat flow evolution through the geological history, sensitivity analysis was used to in constrain 

this parameter and increasing confidence in the final models. A heat flow value of 65 mW/m2 was used 

from the Middle Devonian to Late Cretaceous as elevated present-day values minimize the ultimate of 

impact of heat flow during the Mesozoic and Paleozoic.   

3.3.4 Erosion Events and Hiatii  
The main tectonic event of importance to petroleum system analyses in western Canada was the 

formation of a thick sedimentary foreland wedge associated with the Laramide Orogeny and the 

subsequent uplift and erosion of parts of the foreland wedge. Attempts at quantifying Cenozoic erosion 

have been made by many studies through both, compaction-based methods (Magara, 1976; Connolly, 

1989; Polcheau, 2001; Aviles and Cheadle, 2015) and organic maturity based methods (Hacquebard, 

1977; Nurkowski, 1984; England and Bustin, 1986; Osadetz et al., 1990). The estimated amount of 

erosion ranges from 520 m (Magara, 1976) to over 4 km (England and Bustin, 1986), depending on the 
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method used by the researchers and the proximity to the fold and thrust belt. Within the Alberta Deep 

Basin, many of the values cluster around 1500-2000 m (Polechau, 2001), and a basin model for the same 

area suggested that 2000 m of erosion was required to match the observed thermal maturity of the 

Cretaceous Blackstone Formation (Aviles and Cheadle, 2015). The tectonic regime during the Jurassic 

and Cretaceous varied along the length of the fold and thrust belt, with a higher degree of strike slip 

motion occurring in the NEBC study area. This change of tectonic style will have affected the degree of 

erosion. The limits for the eroded section at the modeled well locations for this study ranged from 440 

to 2250 m. This range was derived based on knowledge of geologic history and results of well-defined 

and calibrated models. Minor hiatii and erosion events were input throughout the model, based on 

analyses of the stratigraphic record. For example, the Devonian and Mississippian Periods were a time of 

continuous deposition, whereas much of the Permian, Triassic, and Jurassic were times of non-

deposition and/or erosion (Maclean and Morrow, 2004), represented by a lack of preserved formations 

within the stratigraphic record (Figure 3.2). The different tectonic events and their associated ages 

(deposition, erosion and hiatii) are defined within the model inputs. 

3.3.5 Calibration Data 
Calibration to thermal maturity data is paramount for an accurate model. Since the inception of basin 

ƳƻŘŜƭǎ ƛƴ ǘƘŜ ŜŀǊƭȅ мфтлΩǎΣ vitrinite reflectance (VR) has been the most common calibration parameter 

(Mukhopadhyay, 1994). Well locations for this study were preferentially picked based on the availability 

and number of VR data points. Unfortunately, reliable VR data is sparse throughout the study area. The 

main source rocks of interest were deposited in marine environments and Devonian strata pre-date 

significant land plants which are the precursors of vitrinite.  As a result, many of the reflectance 

measurements were completed on indigenous bitumen or bitumen-like substances, not vitrinite. There 

have been several bitumen to vitrinite correlations developed (Jacobs, 1989; Landis and Castaño, 1995; 

Schoenherr, 2007). These correlations are limited to certain maturity windows and tend to be affected 
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by the lithology of the formation, however, there is sufficient support available in the literature to use 

bitumen reflectance values in place of vitrinite (Jacob and Hiltmann, 1985; Reidiger, 1991; Gentzis, 1991; 

Landis and Castano, 1995). Unfortunately, reflectance measurements from the public database do not 

always explain the bitumen to vitrinite correlation used which reduces the confidence in the data. 

Nonetheless, these VR values are still the best calibration data available. In areas where VR data points 

were not available, Tmax values were converted to %Ro values using the Jarvie (2001) equation devolved 

for the Barnett Shale. These values should be taken with caution since it has been shown that such 

formulas are not ideal when used on formations different than the formation used for calibration, as is 

the case when using the Barnett Shale derived Jarvie (2001) equation on the Muskwa and Horn River 

formations in this study (Wust et al., 2013). The Tmax database for the area is extensive. Tmax data was 

not always used directly in the modeling described here because the values were often anomalously low 

due to the high maturity, however, the available data was used to corroborate the model results and 

thermal maturation trends. Although the study is focused on Paleozoic source rocks, data from younger 

formations was used where available. The Laramide Orogeny affected the entire Phanerozoic 

sedimentary succession which warrants the use of data from younger formations when reliable 

Devonian data is absent.  Table 3.2 exhibits the well locations of the 1D models and their associated 

calibration data. 

3.3.5 Sensitivity Analysis 
Basin modeling necessitates that several input variables are defined before the model can run, and 

while some such as the stratigraphy of the WCSB are well defined other variables are more difficult to 

constrain. Completing sensitivity analysis helps to constrain certain variables to a range of reasonable 

values based on what is known, thereby increasing the confidence of the results. For each 1D model, 

dozens of iterations were completed with slight changes to variables such as boundary conditions, 

lithologies, heat flow, and erosion amounts to determine the influence of these variables on the basin 
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history. The main iterations involved in sensitivity analysis involved varying heat flow and erosion. In 

order to understand the affect heat flow and erosion has on the present-day thermal maturity of the 

area, each variable was systematically varied one iteration at a time. This approach allowed for the most 

likely solution to be modeled with confidence and provided quantitative results on the affect heat flow 

and erosion has on the present day thermal maturity of the study area.  

3.4 Results 
The large study area encompasses four distinct areas: the Liard Basin, the HRB, the Cordova Embayment 

and adjacent intra-basin areas, and western Alberta. These areas differ based on stratigraphy, 

magnitude of Tertiary erosion, subsidence rates, and the timing of the onset of hydrocarbon generation. 

The results will be presented in terms of one representative case study for each area to highlight how 

the burial and thermal maturity histories vary across the study area. Table 3.3 contains the input 

variables for each of these four models. To better understand the results of the basin models, the 

findings from the sensitivity analysis is firstly described and then the burial and thermal history results 

are presented and discussed. All burial depths were obtained from backstripping the model to the age of 

interest.  

3.4.1 Sensitivity Analysis 
Basin modeling is a powerful tool for understanding the basin evolution, burial history, thermal 

maturation and the multitude of dependent relationships that exist between input variables. However, 

because the models require such an extensive suite of factors to be defined there is a large amount of 

uncertainty involved, even in well calibrated models. Sensitivity analysis increases the confidence of the 

model results by finding a range of reasonable values for variables that are less constrained, such as 

heat flow and erosion which are the focus of sensitivity analysis herein. Many basin modeling studies 

use some form of sensitivity analysis (Bruns et al., 2013; Grobe et al., 2015; Bruns et al., 2016), often 

focusing on heat flow and erosion similar to this study. For the model discussed here, heat flow was 
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originally held constant using the continental average value of 65 mW/m2 and erosion was varied to get 

an understanding of how foreland subsidence depth and subsequent erosion effected present-day 

maturity. Heat flow was then varied using several different erosion values in order to quantify the effect 

of heat flow on present-day maturity. The heat flow and erosion values for each iteration and the 

resulting maturity variation for model C-095-L is presented in Table 3.4.  

When varying the amount of erosion in each model, estimation of the thickness of units that are no 

longer present in required. For example, in the C-095-L well models, erosion ranges from 1600 m to 

3200 m, and thus this same amount of sediment must first be deposited.  

The extra thickness of sediment results in deeper maximum burial of the model. As a result, the source 

rock intervals are exposed to higher temperatures when erosion increases thereby increasing present-

day maturity values. If heat flow is held constant, the overall slope of the calculated present-day 

maturity curve stays the same and simply shifts laterally along the maturity axis with any increase or 

decrease in erosion (Figure 3.8a). For every 200 m change in the amount of erosion, thermal maturity 

shifts by approximately 0.2 %Ro in the Devonian shale intervals for all wells. The amount of erosion for 

the C-095-L model that best fits the calibration data ranges from 2600 to 2800 m (Figure 3.6a). However, 

in order to accurately calibrate the data from the Exshaw, Kotcho, and Klua formations the slope of the 

maturity curve needs to be altered.  

The slope of the maturity curve is a product of heat flow and thermal conductivity. Increasing heat flow 

increases the geothermal gradient and will steepen the slope of the maturity curve. In Figure 3.8b, the 

slope of the curve within the Devonian shale intervals increases from 0.5 log %Ro/km to 0.85 log 

%Ro/km for a change in heat flow from 65 mW/m2 to 80 mW/m2. An increase in heat flow of 5 mW/m2 

will result in an increase in calculated present-day maturity of 0.3 %Ro in the Devonian shales. The 

iterations for the model C-095-L that use a heat flow value of 85 mW/m2 exhibit the best fit to the 
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calibration data, necessitating a slope of over 0.9 log %Ro/km to accurately model the high thermal 

maturity in this part of the HRB. In the final model for this example values of 1565 m of erosion and 88 

mW/m2 for heat flow were used. Based on the detailed sensitivity analysis, the confidence in the erosion 

and heat flow values for the final models is within 50m and 1 mW/m2, respectively.  

Thermal conductivity can also significantly alter the slope of the maturity curve and resulting present-

day maturity values, particularly if the stratigraphic section has a significant amount of coal (low thermal 

conductivity) or salt (high thermal conductivity). The stratigraphic succession in the study area is well 

known and, in terms of relative percentage of the total thickness, is mainly made up of Devonian and 

Mississippian carbonate packages and organic lean siliceous/carbonaceous mudstones and siltstones, 

and Cretaceous clastics. These lithologies all have similar thermal conductivities, and altering the 

thermal conductivity for any given unit to the point of significantly altering the present-day thermal 

maturity would require unreasonable lithology mixes. Figure 3.9 is a tornado plot demonstrating the 

effect of erosion, heat flow, and thermal conductivity on thermal maturity for a relative change in each 

variable of 10%. The result is a change in maturity of 0.4 %Ro for heat flow, 0.3 %Ro for thermal 

conductivity, and 0.2 %Ro for erosion. This relative change in maturity related to thermal conductivity is 

for a 10% change to the entire stratigraphic unit. However, a change in thermal conductivity on a 

formation by formation basis causes a far smaller effect, with thermal maturity only changing by 0.04 

%Ro for a 10% shift in the thermal conductivity of the thick Fort Simpson Formation.  

The amount of erosion varies greatly across the study, from 2250 in the Liard Basin to 440 m in Alberta, 

but the erosion values for each model can be used with confidence due to sensitivity modeling. This 

overall decrease from west to east and the range therein agrees with the estimated values from 

previous studies (Magara, 1976; Hacquebard, 1977; Nurkowski, 1984; Weiss, 1985; England and Bustin, 

1986; Connolly, 1989; Osadetz et al., 1990; Polcheau, 2001; Aviles and Cheadle, 2015).  
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The high degree of thermal maturity within the Devonian petroleum system of NEBC is accurately 

modeled with an overall elevated heat flow and geothermal gradient and moderate erosion values 

reflecting the oblique nature of plate convergence in northern BC (Gabrielse, 1985). The detailed 

sensitivity analysis of 24 well locations provided knowledge on regional variations in heat flow and 

erosion and how these variables effect the lateral and stratigraphic variation in the petroleum system. 

3.4.2 Burial and Thermal History 
The following section outlines the burial and thermal history results from the series of 1D basin models. 

Table 3.4 represents information on the present day total vertical depth (TVD), maximum depth and 

maximum burial for the Mississippian/Devonian source rocks of interest from the burial history models. 

Maximum burial for all units occurs between 65 to 60 Ma based on previous basin modeling studies 

within the WCSB (Kalkreuth and McMechan, 1988; Morrow et al., 1993; Wright et al., 1994; Higley et al., 

2009; Aviles and Cheadle, 2015). All of the models experience similar basin histories throughout the 

Devonian and Mississippian Periods ς continuous deposition and subsidence of shales and carbonates. 

There are slight differences between the four main areas of this study in terms of Permian to Jurassic 

events. All models are heavily influenced by foreland subsidence and subsequent erosion; however, the 

relative importance of such events differs greatly across the study area. The following descriptions of 

burial history are illustrated by Figures 3.10a-d and 3.11a-d. Table 3.5 summarizes the time (Ma) that 

the various source rocks entered different stages of hydrocarbon maturation including the start of oil 

generation (0.6 %Ro), the start of wet gas generation (0.9 %Ro), end of wet gas generation (2.0 %Ro), 

and the dry-gas preservation limit (>3.0 %Ro).  

3.4.2.1 Liard Basin 

The Liard Basin is bounded to the east by the Bovie Fault complex, a prominent structural feature that 

plays an important role in the burial history of the area as it led to significantly deeper burial depths in 

the Liard Basin compared to the Horn River Basin (Hayes and Costanzo, 2014; Ferri et al., 2011). The 
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Nexen Beaver D-064-K well is located in the north-central portion of the Liard Basin, near the 

deformation front and is used to represent the Liard Basin. This model uses a present day heat flow of 

68 mW/m2 and has a present-day geothermal gradient of 33°C/km. The model begins with the 

deposition of the Middle Devonian Dunedin Formation carbonates and is followed by continual 

deposition and subsidence through to the Late Carboniferous. Devonian-aged extension and the first 

stage of Bovie Fault movement allowed for the prolonged accumulation of sediment throughout the 

Devonian and Carboniferous. As a result, thick sequences of the Besa River and Mattson formations 

were deposited. The Evie and Muskwa markers within the Besa River Formation were buried to depths 

of 3225 and 3110 m with corresponding temperatures of 101°C and 105°C, respectively by the end of 

Mattson Formation deposition approximately 310 Ma. These burial and temperature conditions were 

sufficient for the Evie and Muskwa markers to enter the oil window. Within the Liard Basin, oil 

generation was found to begin as early as 345 Ma. Partial erosion of the Mattson Formation along the 

sub-Permian unconformity (Morrow et al., 1993) caused minor levels of uplift within the basin before 

further burial caused by the deposition of the Fantasque and Toad/Grayling Formations. From the Late 

Triassic to Early Cretaceous the basin mainly experienced periods of hiatus/non-deposition, as a result 

thermal maturation remained relatively constant. Between the Late Carboniferous and Late Jurassic 

calculated vitrinite reflectance values for the Muskwa and Evie makers only increased from 0.6 to 

0.9%Ro.  

During Cretaceous foreland subsidence the rate of deposition increased substantially, with an average 

uncompacted subsidence rate of 48 m/My. Based on the calculated model results, by 60 Ma the Evie 

and Muskwa markers reached maximum burial with depths of 5375 m and 5260 m, and maximum 

temperatures of 238°C and 234°C, respectively. The corresponding calculated thermal maturity values 

during maximum burial were 3.4 %Ro for the Muskwa and 3.5 % Ro for the Evie. At the end of foreland 

subsidence, the majority of the stratigraphic section (Fort St. John Group through to Dunedin Formation) 
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had reached a thermal maturity necessary for the generation of hydrocarbon liquids. Within the Liard 

Basin, maximum foreland burial depths for the Devonian shales exceed 4500 m and temperatures 

exceed 220°C, according to the burial models. As a result, by the time the basin reached the maximum 

burial depth the Devonian shale units were well within the gas window or over-mature.  Subsequent 

erosion of the 2250 m of Upper Cretaceous sediments corresponds to a Tertiary erosion rate of 85 

m/My. The uplift and erosion of the basin largely ended the thermal maturation of the Devonian units 

with calculated present-day values for the Muskwa and Evie units ranging from 2.3 to 3.8 %Ro.  

3.4.2.2 Horn River Basin 

The Direct Gunnel C-095-L well is located in the southeast portion of the HRB. The model of this well 

uses a present-day heat flow of 88mW/m2 and a present-day geothermal gradient of 41°C/km. The heat 

flow value is derived from the sensitivity analyses results and previously published present-day heat 

flow maps (Weides and Majorowicz, 2014). The geothermal gradient is calculated from the present-day 

reported downhole well temperature results throughout the stratigraphic section of this model. The 

Muskwa Formation was buried to a depth of 2025 m and reached a temperature of 83 °C by the Late 

Carboniferous. Although this model invokes continued subsidence and deposition of sediments from the 

Middle Devonian to Late Carboniferous, namely the thick accumulations of the Fort Simpson and 

Mattson formations, the depth and temperature conditions by Late Carboniferous were not sufficient 

for hydrocarbon generation within the Muskwa Formation. The Mattson Formation was subsequently 

eroded due to movement along the Bovie Fault, as were the deposits of the Toad and Fantasque 

formations (Maclean and Morrow, 2004). The erosion of the Mattson, Fantasque and Toad formations 

caused by slight uplift of the basin was followed by a period of non-deposition until Late Cretaceous 

foreland subsidence. Despite the relative constant depth of burial throughout the Permian and Triassic, 

the results of this model show that the Muskwa Formation entered the oil window by the Late 

Triassic/Early Jurassic (200 Ma), likely due to the sustained high temperatures over these periods 
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allowing for the kerogen to gradually reach maturation. Thermal maturity of the Muskwa Formation 

slowly increases during the Jurassic. During foreland subsidence the Muskwa Formation reached 

maximum burial depths and temperatures of 3035 m and 195°C, corresponding to an uncompacted 

subsidence rate of 30m/My. The thermal maturity of the Muskwa Formation increased to 2.0 %Ro 

during foreland subsidence, with the majority of the Devonian strata entering the oil window with burial 

depths in excess of 2300 m and temperatures in excess of 160 °C. The Paleogene erosion of Late 

Cretaceous deposits for this model is 1565 m. Calculated present-day maturities range from 1.4 %Ro in 

the Exshaw Formation, 2.1 %Ro in the Muskwa Formation, and 2.6 %Ro in the Klua Formation for this 

model. 

With the spatial control provided by the large number of well models run in the HRB the intrabasin 

variations in basin evolution can be assessed. For instance, the onset age of oil generation varies from 

335 Ma in the northwest to as late as 110 Ma in the southeast. This is mainly due to the increased 

amount of Paleozoic subsidence and accumulation experienced in the northwest portion of the HRB. 

Despite the large variation in the onset age of oil generation, all of the HRB models predict the strata 

had calculated maturities of between 0.6 and 0.8%Ro at the onset of Cretaceous foreland subsidence. 

Maximum burial depths during foreland subsidence range from 4400 m to 3000 m for the Muskwa and 

Horn River formations, and erosion magnitudes range from 1500 m to 2180 m. Calculated present-day 

maturities of the Muskwa and Horn River Formations ranges from the wet gas stage in the south and 

southeast (%Ro = 1.6) to overmature in the northwest (%Ro = 3.3). In general, thermal maturities for the 

Devonian shale units are within the dry gas window for most of the HRB with an average reflectance 

value of 2.2 %Ro for the Muskwa Formation.  

3.4.2.3 Cordova Embayment and Adjacent Areas 

The burial history predicted by the models in this area are similar to those within the HRB, for example, 

the depth of Paleozoic burial, thickness of the eroded section, and heat flow are relatively similar to the 
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HRB models. The featured model for this area (Ioe Union Shekilie A-094-G) is located in the southern 

portion of the Cordova Embayment. This model uses a present-day heat flow of 88mW/m2 and a 

thermal gradient of 37°C/km, which is calculated from the present-day temperature results of this 

model. During the Paleozoic, the Muskwa Formation reached depths of 1830 m, corresponding to a 

temperature of 76°C. Paleozoic subsidence was less in the Cordova Embayment, resulting in thinner 

accumulations of the Fort Simpson and an absence of the Mattson Formation and shallower burial 

depths for the Muskwa Formation. Depths remained constant throughout the Permian, Triassic, and 

Jurassic. The model calculates that the Muskwa Formation entered the oil window at 115 Ma. Maximum 

burial depths and temperatures for the Muskwa Formation during foreland subsidence were 2920 m 

and 183°C, respectively. This model experienced an uncompacted subsidence rate of 23 m/My. During 

foreland subsidence, the calculated thermal maturity of the Muskwa Formation increased to 1.8%Ro. 

The majority of the Devonian strata reached maximum burial depths and temperatures above 2000 m 

and 150°C, respectively, corresponding to calculated thermal maturities above 1.0%Ro (early wet gas 

generation). The Paleogene erosion of upper Cretaceous deposits for this model is 1650 m, 

corresponding to an erosion rate of 55 m/My. Present-day modeled maturities for the Muskwa and Klua 

Formations in the Cordova Embayment model are 1.9 and 2.1%Ro, respectively.  

The models within this portion of the study area calculate the onset of oil generation for the Muskwa 

Formations as early as 190 Ma in the models directly east of the HRB and as late as 115 Ma in the 

Cordova Embayment model. Maximum burial depths range from 3800 m to 2920 m and erosion 

thickness range from 2085 to 1640 m for the Muskwa Formation. The present-day calculated maturities 

for the Muskwa Formation range from 1.5 to 2.5%Ro with a calculated average thermal maturity near 

the wet gas/dry gas boundary at 2.0%Ro.   
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3.4.2.4 Western Alberta 

The models in western Alberta are characterised by shallower burial depths than the models within 

NEBC. The 100/02-32 well is located at a longitude of 118.8°W, with a present-day heat flow value of 

66mW/m2 and a thermal gradient of 31°C/km. The burial depth of the Muskwa Formation by the Late 

Carboniferous was 1400 m with a corresponding temperature of 70 °C. As with the Cordova Embayment 

model, depths and temperatures stayed constant throughout the Permian to Jurassic. The Devonian and 

younger strata remained immature for the majority of the burial history, never experiencing depths and 

temperatures sufficient for hydrocarbon generation until 65 Ma during maximum foreland subsidence. 

The maximum depth of burial for the Muskwa Formation during foreland subsidence was 1830 m with a 

corresponding temperature of 92 °C. These conditions correspond to a thermal maturity of 0.61 %Ro. 

The eroded section thickness for this location is 525 m, corresponding to an erosion rate of 17.5m/My. 

The calculated present-day maturity for the Muskwa Formation is 0.62 %Ro. 

The basin models for western Alberta show that burial depths are significantly lower than the models for 

NEBC. This includes early burial (Paleozoic), as well as maximum burial depths during foreland 

subsidence which range from 1745 m to 2650 m. The shallower burial depths results in significantly 

lower thermal maturities for the Devonian strata when compared to the NEBC models. Maximum burial 

temperatures range from 82 °C to 115 °C, resulting in calculated present-day maturity values of between 

0.5 to 1.15 %Ro. The earliest onset of oil generation is 100 Ma for the model nearest the BC/Alberta 

boarder, this model has a calculated present-day maturity for the Muskwa Formation of 1.2 %Ro and all 

of the Devonian and Mississippian strata reach the oil window. However, further east in Alberta the 

Muskwa Formation is still immature at present-day.  
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3.5 Discussion 

3.5.1 Thermal Evolution 
The basin models located throughout the study area provide insight into the thermal maturity history of 

24 locations within the study area. There is insufficient data at this time to justify the generation of a 3D 

model, however, integrating the data from the 24 1D models into regional cross-sections enables basin 

wide analyses of petroleum system evolution. The schematic cross-sections in Figures 3.13 to 3.15 

illustrate the basin architecture and thermal maturity prior to the major phase of subsidence (120 Ma), 

during peak burial (65Ma), and present day for the north, central, and southern parts of the study area. 

Figure 3.12 shows the location of each cross-section. 

3.5.1.1 120 Million Years Ago  

At 120 Ma the Devonian source-rock intervals were generating oil throughout most of NEBC, with the 

notable exemption of many areas in the southern part of the study area (Figure 3.13). Throughout most 

of the HRB, Cordova Embayment and Western Alberta the top of the oil window (TOW) 120Ma occurs at 

a depth of approximately 1600 m. The consistency in the TOW at this time in the basins history is related 

to the spatially consistent heat flow of 65 mW/m2 that has been assigned to each model. Any major 

deviation from the TOW is a product of the burial history prior to 120 Ma. For example, the deeper 

burial in the Liard Basin during the Devonian results in the TOW to be 300 m higher in the stratigraphic 

section compared to the rest of the study area. The burial depth at 120 Ma decreases from north the 

ǎƻǳǘƘ ŀƴŘ ŦǊƻƳ ǿŜǎǘ ǘƻ ŜŀǎǘΦ hƴ ǘƘŜ ! ǘƻ !Ω ŎǊƻǎǎ ǎŜŎǘƛƻƴ όCƛƎǳǊŜ оΦмоύΣ ǘƘŜ ¢h² ǎƛǘǎ ǿƛǘƘƛƴ ǘƘŜ aŀǘǘǎƻƴ 

Formation in the Liard Basin, within the Fort Simpson Formation in the rest of NEBC, and just below the 

aǳǎƪǿŀ CƻǊƳŀǘƛƻƴ ƛƴ !ƭōŜǊǘŀΦ ¢Ƙƛǎ ǎƘƛŦǘǎ ǎƭƛƎƘǘƭȅ ƛƴ ǘƘŜ . ǘƻ .Ω ŎǊƻǎǎ-section with the TOW sitting in the 

middle of the Banff Formation in the Liard Basin and tracking close to the Muskwa Formation elsewhere 

in NEBC and Alberta. In the northern portion of the study area, over 50% of the stratigraphic section in 

NEBC is within the oil window decreasing to under 50% in the central part of the study area. The C-/Ω 

cross-section (Figure 3.13) encompasses less of the study area, but the oil window is nearly always 
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below the Devonian shales only appearing as a thin slice in an otherwise immature area. The amount of 

subsidence and therefore the thickness of sediment accumulation during the Devonian-Mississippian 

appears to have been the main control on thermal maturation and oil distribution prior to foreland 

subsidence.  

3.5.1.2 65 Million Years Ago  

During the time between the 120 Ma and 65 Ma cross sections, every part of the study area experience 

rapid burial and a rapid increase in thermal maturity. On a regional basis, the oil window is higher in the 

stratigraphic section and gas becomes overmature, particularly in the Liard Basin and northern HRB 

(Figure 3.14).  The depth to the TOW at 65 Ma is similar to the depth at 120 Ma, but is higher up in the 

stratigraphic section due to increased burial depths. There is slightly more variation to the oil line due to 

the spatial variability of heat flow values assigned to the models during this tƛƳŜΦ Lƴ ǘƘŜ ! ǘƻ !Ω ŎǊƻǎǎ-

section, the TOW is located within the middle of the Fort St. John Group in NEBC and at the top of the 

Rundle Group in Alberta. The top of the gas (TGW) window at 65 Ma is stratigraphically located just 

above the TOW for the 120 Ma cross-section, except at the D-007-J and 02-04 models. At these locations 

lower heat flow (D-007-J) or less erosion (02-04) result in the TOG window to lie below where the oil 

window was in the 120 Ma cross-section. The oil window encompasses approximately 2000 m of the 

ǎǘǊŀǘƛƎǊŀǇƘƛŎ ǎŜŎǘƛƻƴ ƛƴ ǘƘŜ ! ǘƻ !Ω ǎŜŎǘƛƻƴ ǿƛǘƘ ǘƘŜ Ǝŀǎ ǿƛƴŘƻǿ ǘƘƛƴƴƛƴƎ ŦǊƻƳ нллл Ƴ ƛƴ ǘƘŜ [ƛŀǊŘ .ŀǎƛƴ 

ǘƻ л Ƴ ƛƴ !ƭōŜǊǘŀΦ  ¢ƘŜ . ǘƻ .Ω ŎǊƻǎǎ-section is similar to the A-!Ω ǎŜŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ¢h² ǎƛǘǘƛƴƎ ƛƴ ǘƘŜ 

middle of the Fort St. John group throughout NEBC and moving down through the stratigraphic section 

in Alberta to eventually be located below the base of the Slave Point Formation. The lower heat flow 

values combined with significantly shallower burial cause TOW in Alberta to deviate from the trend 

ŜȄƘƛōƛǘŜŘ ƛƴ b9./Φ ¢ƘŜ ¢D² ǾŀǊƛŜǎ ŀƭƻƴƎ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǘƘŜ . ǘƻ .Ω ŎǊƻǎǎ-section. This variation is related 

to the large range of heat flow and erosion values from well to well. For example, B-088-H and A-009-F 

have relatively high heat flows (78 mW/m2) and moderate erosion (2000 m) which pushes the gas 
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window further up relative to the C-028-D and D-32-F models which both have lower heat flow (72 

mW/m2) and lower erosion (1650 m). The C-/Ω ŎǊƻǎǎ ǎŜŎǘƛƻƴ experiences the lowest thermal maturation 

at 120 Ma, with the oil window largely below the Devonian shale units. However, the shift in maturation 

by 65 Ma for the southern part of the basin is significant. This is 2500 m stratigraphically higher from 

below the base of the Middle Devonian Otter Park Member to the middle of the Rundle Group. The 

previous two cross sections had the TGW that landed within the same formations as the oil line from 

120 Ma, however, the gas line for the C-/Ω ǎŜŎǘƛƻƴ ǎƛǘǎ ƳǳŎƘ ƘƛƎƘŜr than the 120 Ma oil line. TGW sits 

between the Banff and Fort Simpson formations. Heat flow values in the southern portion of the basin 

are all relatively high, so despite the moderate levels of erosion and burial depths the increase in 

maturity from 120 Ma to 65 Ma is significant.  

3.5.1.3 Present Day 

The increased burial depths during foreland subsidence, led the strata to fall within the oil (Mississippian 

to Cretaceous) or gas windows (Devonian shales) within most of NEBC (Figure 3.15). In the present-day 

cross-sections (Figure 3.15) there is little change in the thermal maturity. The oil and gas lines move up 

the stratigraphic section, but the change is relatively minor. However, the present-day cross-sections 

contain the amount of eroded section across the basin to illustrate how the basin architecture and the 

regional distribution of oil and gas is inextricably linked to the amount of sediment that was deposited 

and subsequently eroded. This is highlighted even further by the cross-sections in Figure 3.16 which 

demonstrate how the basin hƛǎǘƻǊȅ ŀƴŘ ǘƘŜǊƳŀƭ ƘƛǎǘƻǊȅ ǎƘƛŦǘǎ ōŀǎŜŘ ƻƴ ŀ Ψƭƻǿ ŜǊƻǎƛƻƴΩ ŀƴŘ ΨƘƛƎƘ ŜǊƻǎƛƻƴΩ 

scenarios. In all of the cross-ǎŜŎǘƛƻƴǎΣ ǘƘŜ ΨƛƳƳŀǘǳǊŜΩ ǇŀǊǘ ƻŦ ǘƘŜ ǎǘǊŀǘƛƎǊŀǇƘȅ ƻŦ ǘƘŜ ōŀǎƛƴ ƛǎ ŀōǎŜƴǘ ǿƛǘƘ 

the exception of in Alberta. The location of TGW is closely linked with the amount of eroded sediment. 

The present-day B-.Ω ŎǊƻǎǎ-section is an example of how the top of the gas window mirrors the shape of 

the eroded section. In general, increased erosion is matched by an upwards shift of the TGW. In the B to 

.Ω ǎŜŎǘƛƻƴ ǘƘŜ exception to this are the A-090-I and A-040-G models which, despite experiencing 
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significant erosion, do not exhibit an upwards shift of the gas window. These two models have low heat 

flow heat flow (62 mW/m2) which has muted the effect of erosion on the thermal evolution of this part 

of the study area. Models with low erosion and low heat flow have a thin gas window and a more 

prevalent oil window, as is observed in the C-028-D and D-032-F models in the B-.Ω ǎŜŎǘƛƻƴΦ In Alberta, 

the continued decrease in erosion towards the east, along with heat flow values near the continental 

average of 65 mW/m2 results in an immature to oil dominated system. The TOW is more consistent 

regardless of changes in heat flow or erosion. This is highlighted in Figure 3.16 where a low erosion and 

high erosion example of the B-.Ω ǎŜŎǘƛƻƴ ƛƭƭǳǎǘǊŀǘŜǎ Ƙƻǿ ǘƘŜ ƻƛƭ ŀƴŘ Ǝŀǎ ƭƛƴŜǎ ǎƘƛŦǘ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ 

thickness of eroded sediment. In the low erosion example (Figure 3.16a), the eroded section for some 

models is thicker than in the original cross-section, this is due to the high heat flow and lower erosion 

values used in the final iteration of these models. However, in locations where the low erosion example 

falls below the eroded surface from the ΨƳƻǎǘ ƭƛƪŜƭȅΩ ǎŎŜƴŀǊƛƻ ǘƘŜ Ǝŀǎ ǿƛƴŘƻǿ ǎhows a significant shift 

and the oil window stays consistent. This is more evident in Figure 3.16b where the shift in gas is 

approximately 1000 m and the shift in oil is <100 m. It is apparent that gas is the more sensitive phase to 

model in the study area. Oil was already being generated in most parts of the study area prior to 

foreland subsidence and any amount of subsequent burial would have allowed for the oil window to 

move up the stratigraphic section. Furthermore, even in the low erosion models, the TOW is located 

near the top of the stratigraphic section - in the middle of the Fort St. John Group. Gas, on the other 

hand, became present in the basin during foreland subsidence. Because the additional burial during 

foreland subsidence led to gas generation, the amount of this burial combined with, generally, elevated 

heat flows is the driving force behind the location of the top of the gas window at present-day.  

The thermal evolution at 120 Ma differed significantly from north to south and west to east. Foreland 

subsidence increased the thermal maturity in all parts of the study area and led to similar thermal 

evolutions to take place in the north and south sides of the basin. At present-day, there is variation in 
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thermal maturity from west to east due to the direction of the thinning and shallowing foreland wedge, 

but the variation from north to south that was observed in the 120 Ma cross-sections has largely been 

overprinted. 

3.5.2 Impact of Thermal Evolution and Peak Generation on Present Day Hydrocarbon 

Distribution  
The basin models provide quantitative information on the history of the basin that directly relates to 

present-day oil and gas distribution and production potential.  In all of the models presented in this 

study, peak burial depth and temperature was reached during the Late Cretaceous and beginning of the 

tŀƭŜƻŎŜƴŜΦ IƻǿŜǾŜǊΣ ǘƘŜ ƻƴǎŜǘ ƻŦ ƻƛƭ ƎŜƴŜǊŀǘƛƻƴ ǾŀǊƛŜǎ ōȅ мллΩǎ ƻŦ Ƴƛƭƭƛƻƴ ȅŜŀǊǎ ƻǾŜǊ ǘƘŜ ǎǇŀǘƛŀƭ ŜȄǘŜƴǘ 

of the study area (Figure 3.17). In the Liard Basin, the Devonian shales have been generating since the 

Carboniferous, reaching peak oil generation (transformation ratio = 50%) in the early Triassic (Figure 

3.18). Conversely, in the Alberta wells the onset of oil generation occurred 100 Ma at the earliest (if oil 

generation occurred at all), and peak generation occurred during the Late Cretaceous (Figure 3.18). In 

the areas where oil generation began early, the onset of gas generation occurred earlier during foreland 

subsidence and more of the stratigraphic section ended up in the dry gas window. However, early dry 

gas window can also occur in areas that experienced the onset of oil generation during foreland basin if 

there is sufficient burial depth and heat flow to convert immature kerogen the oil and then crack to gas. 

This occurs in the southern portion of the area where the basin was mainly immature until the onset of 

foreland subsidence where the increased burial depth and elevated heat flow caused a rapid increase in 

maturity. Therefore, in areas that experienced early onset of oil generation or experienced high heat 

flows during foreland subsidence the generative potential will be less due to the present-day dry gas or 

overmature nature of the Devonian shales. However, there are locations within the basin that have 

experienced lower heat flow and moderate to low levels of erosion which have allowed for a more 

expansive oil window to develop and only a thin gas window. Such locations largely correlate to areas 
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with a larger gas wetness ratio (Figure 3.19). Although gas wetness throughout NEBC is relatively low, 

there is a correlation between thermal evolution and potential for condensate production. 

3.5.3 Limitations of the Modeling  
The results of this study are geologically plausible, but not necessarily completely accurate. Each model 

provides abundant information for each stratigraphic unit and each important time step, but the 

nuances of variables such as lithological variability are not captured, thereby decreasing the accuracy of 

the modeling. This study used only 24 models to defƛƴŜ ŀƴ ŀǊŜŀ ǘƘŀǘ ŜƴŎƻƳǇŀǎǎŜǎ млллΩǎ ƻŦ ǎǉǳŀǊŜ 

ƪƳΩǎΦ ¢ƘŜ ƳƻŘŜƭǎ ǇǊƻǾƛŘŜ ƛƴŦƻǊƳŀǘƛƻƴ ƛƴ ǘƘŜ ŘƛǊŜŎǘ ǾƛŎƛƴƛǘȅ ƻŦ ǘƘŜ ǿŜƭƭ ƭƻŎŀǘƛƻƴΣ ōǳǘ Ŏŀǳǘƛƻƴ ǎƘƻǳƭŘ ōŜ 

taken when upscaling to a regional scale. The cross-sections across the northern, central, and southern 

parts of the basin help to fill in some of the gaps, but there are still large parts of NEBC that are not 

captured by the models. The calibration data used for this study was relatively sparse and not all of the 

data could be used with complete confidence. 

 Basin modeling can help identify suspicious and erroneous data. For example, some reported vitrinite 

reflectance and pyrolysis data reported values that required erosion levels, heat flow, or the thermal 

conductivity of formations to be outside the geologically plausible limits of the model. Such data is likely 

erroneous due to contamination of the sample from drilling mud, poorly picked Tmax value due to an 

indistinct S2 peak, or due to a pyrobitumen reflectance measurement that was incorrectly calibrated to 

vitrinite. Although this method helps flagging bad data, it is difficult to determine how accurate the 

ΨƎƻƻŘΩ Řŀǘŀ ƛǎΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜ Ƙƻǿ ŀŎŎǳǊŀǘŜ ǘƘŜ ƻǾŜǊŀƭƭ ƳƻŘŜƭ ƛǎΦ IƻǿŜǾŜǊΣ ōŀǎƛƴ ƳƻŘŜƭƛƴƎ ƛǎ ŀ 

quantitative approach that provides valuable information even with limited data or well control.  As new 

data becomes available with further drilling undoubtable the models presented will require revision.  
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3.5 Conclusion  
Basin modeling of the Liard and Horn River Basins, Cordova Embayment and western Alberta provides 

insight into the burial history, thermal maturation and how the evolution of the basin has affected the 

present-day Devonian petroleum systems. Important conclusions of this study include:  

¶ The Devonian shales were buried to depths of 1500 to 3200 m by the end of the Carboniferous 

Period, and reached temperatures of up to 100 °C during this time. Burial depths and 

temperatures are largest within the Liard Basin, which experienced the additional accumulation 

and preservation of the Mattson Formation due to movement along the Bovie Fault.  

¶ Prior to Laramide related tectonism, the amount of Devonian-Mississippian subsidence was the 

main control on the thermal evolution of the basin. The northwestern portion of the study area 

experienced the most subsidence and thickest accumulation of Besa River, Fort Simpson, and 

Mattson formations. As a result, this area was the most thermally evolved by 120 Ma with the 

south and eastern portions remaining mainly immature until foreland subsidence.  

¶ Laramide Orogeny-related tectonism was the dominant control on the present-day petroleum 

system. During the deepening for the foreland basin and subsequent uplift and erosion, all of 

the models experienced rapid increase in maturity. The majority of the 1D models experienced 

an increase in reflectance of approximately 2%Ro over a 50My time span.   

¶ Based on the sensitivity analysis, confidence in the heat flow values is within 1mW/m2 and 

within 50 m for erosion. Eroded section thicknesses range from 2250 m to 440 m across the 

study area, and heat flow ranges from 48.5 to 88 Mw/m2. Heat flow is highest within the 

Cordova Embayment and lowest within the Liard Basin and eroded thicknesses generally 

decrease towards the east, away from the deformation front.  

¶ Properties associated with lithologies, mainly thermal conductivity, have a significant role on 

maturity modeling. However, most of the stratigraphic interval within the study area is 
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comprised of carbonate or sandstone, both of which have moderate values of thermal 

conductivity, and therefore do not greatly impact the maturity profile. 

¶ Variations in present-day heat flow is the most dominant control on maturity modeling. A 10% 

variation in heat flow can cause calculated maturity values to change by 0.4%Ro, whereas a 10% 

change in erosion thickness changes maturity values by 0.2%Ro. Varying thermal conductivity by 

10% for the entire stratigraphic thickness has an intermediate effect on thermal maturity with a 

variation in reflectance values of up to 0.3%Ro. Varying thermal conductivity for individual 

intervals, even thick formations such as the Fort Simpson Formations, has a relatively negligible 

effect.  

¶ The timing of the onset of oil generation varies greatly across the study area. In the Liard basin, 

the Muskwa marker of the Besa River Formation enters the oil window in the Carboniferous and 

in Alberta, the Muskwa Formation begins generating oil in the Upper Cretaceous. This large span 

of hydrocarbon generation affects the present-day distribution and potential of the study area.  

¶ Areas that experienced lower heat flows during foreland subsidence along with moderate to low 

levels or erosion have a large oil window and the gas window is only present within a small 

portion of the stratigraphic section. The areas with a larger oil window are more likely to 

produce condensate as these areas correlate to higher wet gas ratios.
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Figure 35 The study area in the geographic context of western Canada. The study area is outlined in red and 
encompasses the Liard Basin (blue), Horn River Basin (purple), and the Cordova Embayment (orange) as well as 
western Alberta. Modified from Ferri et al. (2015). 
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Figure 36 Three stages of tectonic evolution from Middle Jurassic to Middle Eocene (Price, 1994). 




































































































































